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Summary
The th e s i s  d e a ls  w ith  some chem ical a p p l ic a t io n s  o f n u c le a r  
quadrupole resonance spec tro sco p y  and e le c tro n  param agnetic 
resonance sp ec tro sco p y , to  th e  s tu d y  o f  some in o rg a n ic  s o l id s .
I t  i s  d iv id ed  in to  two main p a r ts  which a re  summarised s e p a ra te ly  
below.
PART I
The f i r s t  p a r t  o f  th e  th e s i s  i s  devoted to  c h lo r in e  — 35 n u c le a r  
quadrupole resonance in v e s t ig a t io n s  o f  some s u b s t i tu te d  ch lo ro— 
cy c lo trip h o sp h azen es and some cyclod iphosphazanes. The b a s ic  
e l e c t r o s t a t i c  in te r a c t io n s  o f  n u c le a r  quadrupole resonance a re  
d iscu ssed  in  C hapter I ,  w ith  p a r t i c u la r  re fe re n c e  to  th e  c h lo r in e  —
33 n u c leu s , which has a  n u c le a r  s p in  quantum number I  o f The
way in  which quadrupole resonance s p e c tra  can be in te rp r e te d  to  o b ta in  
in fo rm a tio n  about bonding in  chem ical compounds i s  d isc u sse d , and 
th e  sp ec tro m ete r used  in  c a rry in g  ou t t h i s  work i s  b r i e f l y  d e sc r ib e d .
In  C hapter I I  th e  c h lo r in e  — 33 n u c le a r  quadrupole resonance 
s p e c tr a  o f a  s e r ie s  o f d e r iv a t iv e s  o f  h e x a c h lo ro c y c lo tr ip h o sp h a z a tr ie n e , 
N^P^Clg, a re  in v e s t ig a te d  in  o rd e r  to  a s s e s s  th e  u s e fu ln e s s  o f  t h i s  
techn ique  in  o b ta in in g  s t r u c tu r a l  in fo rm atio n  on th e  cyclophosphazenes. 
N .q .r .  f re q u e n c ie s  c h a r a c te r i s t i c  o f  HPCl^, -  PCINR^, =PClPh and 
=  PCI (N » PR-j) groups occur in  th e  ranges 26 — 29, 22 — 25, 23 — 25 
and 23*5 ~  25*5 M.Hz. r e s p e c t iv e ly .  The c h a r a c te r i s t i c  frequency  
ranges o f  th e  l a s t  th re e  groups o v e rla p , and so th e se  fu n c tio n a l groups 
cannot be d is tin g u is h e d  by sim ply m easuring th e  c h lo r in e  -  35 n u c le a r
quadrupole resonance f re q u e n c ie s .  C is — and tr a n s  — isom ers may be 
d is tin g u is h e d
by t h e i r  resonance f re q u e n c ie s , by comparing th e  range o f  f re q u e n c ie s  
observed , b u t on ly  when r e s u l t s  f o r  bo th  isom ers a re  a v a i la b le .
C hapter I I I  i s  concerned w ith  n u c le a r  quadrupole resonance 
s tu d ie s  o f  th e  r e la te d  s p e c ie s , th e  cyclodiphosphazanes, (Cl^FTJR^*
I t  i s  found th a t  n u c le a r  quadrupole resonance sp ec tro scopy  can be 
u sed  in  th re e  ways to  d is t in g u is h  between a x ia l  and e q u a to r ia l  
c h lo r in e  atoms in  th e se  compounds; th e  c h lo r in e  -  35 n*q*r. fre q u e n c ie s  
a re  d i f f e r e n t ,  th e  tem pera tu re  c o e f f i c ie n t s  o f  th e s e  f re q u e n c ie s  a re  
d i f f e r e n t ,  and th e  p re s su re  c o e f f ic ie n t s  o f  th e se  fre q u e n c ie s  a re  
d if f e r e n t*  The c h a r a c te r i s t i c  f re q u e n c ie s  a re  determ ined e s s e n t i a l ly  
by th e  d if f e re n c e s  in  th e  degree o f io n ic  c h a ra c te r  a s s o c ia te d  w ith  
a x ia l  and e q u a to r ia l  bonds in  th e  t r ig o n a l  b ipyram idal environm ent, w h ile  
th e  c h a r a c te r i s t i c  e f f e c t s  o f  tem p era tu re  and p re s su re  on th e se  freq u en c ie i
o r ig in a te  e s s e n t i a l ly  in  th e  bending modes o f  v ib r a t io n  which invo lve  
th e  P — Cl fragm ents in  th e  chlorocyclodiphosphazan.es* I t  i s  concluded 
th a t  th e  e f f e c t s  o f  p re s su re  changes and tem p era tu re  changes on th e  
c h lo r in e  — 35 n*q*r* f re q u e n c ie s  in  o th e r  P — Cl system s should  be 
c h a r a c te r i s t i c  o f  th e se  system s, and th e se  id e as  a re  a p p lie d  to  th e
c h lo ro c y c lo tr ip h o s p h a z a tr ie n e s  in  C hapter IV, where th e  c h lo r in e  -  35
n*q*r* s p e c tr a  o f N^P^Cl^ and U^P^Cl^BHPr* have been e x te n s iv e ly
in v e s tig a te d *  A sharp  phase change has  been found to  occur in
U^P^Cl^UHPr1 over th e  tem p era tu re  range 230 4  T 4  235K* Ihe resonance
fre q u e n c ie s  in  bo th  th e se  compounds a re  l i n e a r  fu n c tio n s  o f p re s su re
—2w ith in  th e  range  H  P i  1000 Kg*cm , so d is t in g u is h in g  th e se  sp e c ie s
from th e  cyclodiphosphazanes s tu d ie d  e a r l i e r ,  f o r  which th e re  i s  a
marked change in  th e  p re s s u re  dependence o f  th e  n*q*r* fre q u e n c ie s
_2
a t  approx im ate ly  650 Kg*cm * The e f f e c t s  o f  p re s su re  and tem p era tu re  
changes on th e  c h lo r in e  -  35 n*q*r* f re q u e n c ie s  in  N^P^Clg can ag a in  
be ex p la in ed  in  term s o f  a  lo c a l i s e d  P — Cl bending mode, b u t th e
v ib ra t io n a l  am plitudes f o r  th e  c h lo rin e  atoms in  ILP-,Clc-NBPr1
3 3 5
appear to  be much la rg e r ,  im plying th a t  la rg e  am plitude v ib ra t io n s  
o f  th e  bulky s id e c h a in  o r  o f th e  e n t i r e  m olecule may be more 
im portan t in  t h i s  case*
The experim ental te ch n iq u es  employed in  s tu d y in g  th e se  
quadrupole resonance s p e c tra  as  a  fu n c tio n  o f tem pera tu re  and 
p re s s u re , and in  weak m agnetic f i e l d s ,  a re  d iscu ssed  a t  le n g th  in  
th e  appendices lo c a te d  a t  th e  end o f  th e  th e s i s ;  p a r t i c u la r  
emphasis i s  p laced  on th e  d es ig n  o f th e  h ig h  p re s su re  v e sse l*
PART I I
The second p a r t  o f  th e  th e s i s  i s  concerned w ith  e le c tro n  
param agnetic resonance spectroscopy* In  C hapter V th e  b a s ic  th eo ry  
o f  e le c tro n  param agnetic resonance spec tro sco p y  i s  d isc u sse d , w ith  
p a r t i c u la r  re fe re n c e  to  t r a n s i t i o n  m etal complexes co n ta in in g  one 
u n p a ired  e lec tro n *  In  C hapter VI th e  a v a i la b le  e le c tro n  param agnetic 
resonance d a ta  f o r  th e  p se u d o te tra h e d ra l vanadium (IV) complex 
( TT -C^H^J^VCl^ i s  review ed, and th e  reaso n s  f o r  th e  d isagreem ent 
between th e  v a r io u s  p u b lish ed  s tu d ie s  a re  d is c u s se d . In  an a ttem p t 
to  re s o lv e  t h i s  d isag reem en t, a  s y n th e s is  o f  th e  o lo se ly  r e la te d  
complex (CHg^CcjH^JgVCl^ has been developed, and th e  e*p*r* s p e c tra  
o f  t h i s  compound in  bo th  s o lu t io n  and g la s s  phases a re  re p o r te d  and 
analysed*
In  th e  course  o f t h i s  p re p a ra t iv e  r e a c t io n  i t  i s  found th a t  
vanadium te t r a c h lo r id e  i s  p re se n t i n  te tra h y d ro fu ra n  s o lu tio n s  as 
an adduct w ith  te tra h y d ro fu ra n , and th e  e * p .r .  spectrum  o f t h i s  adduct, 
VCl^* 2 THF, i s  a lso  re p o r te d  in  C hapter VI* A tte u p ts  to  p u r ify  
( CH^) ^ (^ 5-^ 4 ) 2VCI2 ^  su k lin ia tio n  r e s u l t  i n  th e  fo rm atio n  o f a  f u r th e r  
param agnetic s p e c ie s ,  which has no t been c h a ra c te r ise d *  This
compound i s  believed  to be produced by ;; re;.rr: ivoi:ie;;t reuctio:
(ch2)3 ( c5h4) 2 v c i2.
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PREFACE
T his th e s i s  d e a ls  w ith  some chem ical a p p l ic a t io n s  o f 
n u o le a r  quadrupole resonance sp ec tro sco p y  and e le c tro n  
param agnetic  resonance sp ec tro sco p y  to  th e  s tu d y  o f  Borne 
in o rg a n ic  so lid s*
The f i r s t  p a r t  o f  th e  th e s i s  i s  devoted  to  c h lo r in e  — 35 
n u c le a r  quadrupole resonance in v e s t ig a t io n s  o f  some p h o s p h o n itr i l ic  
compounds, and th e  b a s ic  th e o ry  o f  n u c le a r  quadrupole resonance 
u n d e rly in g  th e se  s tu d ie s  i s  d isc u sse d  b r i e f l y  i n  C hapter I* 
R eferences a re  n o t in c lu d ed  in  th e  t e x t  o f  t h i s  Chapter*
In  C hapter I I  th e  c h lo r in e  — 35 n u o le a r  quadrupole resonance 
s p e c tr a  o f a  number o f  s u b s t i tu te d  c h lo ro c y o lo tr ip h o sp h a z a tr ie n e s  
a r e  re p o r te d , and th e  u se  o f th e  tech n iq u e  as  a  means o f  
d is t in g u is h in g  p o s i t io n a l  isom ers in  th e se  d e r iv a t iv e s  i s  d iscu ssed  
th e  s p e c tr a  o f  some r e la te d  a c y c lic  compounds a re  a lso  in v e s t ig a te d  
C hapters I I I  and IV a re  concerned w ith  quadrupole resonance 
s tu d ie s  o f  some cyclodiphoBphazanes and c y c lo tr ip h o sp h a z a tr ie n e s  
w h ils t  th e se  compounds a re  su b je c te d  to  v a ry in g  c o n d itio n s  o f  
tem p era tu re  and p re s s u re ,  and th e  o r ig in  o f th e  c h a r a c te r i s t i c  
e f f e c t s  observed  in  th e se  c ircum stances i s  in v e s tig a te d *
The experim en tal a s p e c ts  o f  th e se  quadrupole resonance s tu d ie s  
a re  d isc u sse d  a t  le n g th  in  th e  appendices a t  th e  end o f th e  th e s is *
The second p a r t  o f  th e  th e s i s  i s  concerned w ith  e le c tro n  
param agnetic resonance sp ec tro sco p y , th e  b a s ic  th e o ry  o f  which i s
in tro d u ced  in  C hapter V, and a s  i n  C hapter I  r e fe re n c e s  a re  n o t
in c lu d ed  in  th e  t e x t  o f  t h i s  chap ter*  In  C hapter VI th e  
a v a i la b le  e le c tro n  param agnetic  resonance d a ta  f o r  th e  
pseudo—te tr a h e d r a l  vanadium (IV) complex ( TT -C^H^)^ VCl^ i s  
rev iew ed, and th e  sy n th e s is  and e*p*r* speotrum  o f  th e  r e la te d  
d e r iv a t iv e  VCl^ a re  rep o rted *
The work d e sc rib e d  in  t h i s  th e s i s  i s  o r ig in a l ,  and was 
c a r r ie d  o u t in  p a r t  f u lf i lm e n t  o f  th e  req u irem en ts  f o r  th e  
deg ree  o f  Fh*D* in  th e  U n iv e rs ity  o f  Glasgow*
O ctober 1975» W*H* D a lg le ish .
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PART I  s N uclear quadrupole resonance spectroscopy*
C H A P T E R  I
NUCLEAR QUADRUP0U5 RESONANCE SPECTROSCOPY 
1*1 In tro d u c tio n
N uclear quadrupole resonance i s  a  branch  o f  spec tro scopy  
which can be used in  c e r t a in  c ircum stances to  p rov ide inform ­
a t io n  about e le c t r o n ic  d is t r ib u t io n s  in  m o lecu la r s o l id s .
The t r a n s i t i o n s  observed  in  n u c le a r  quadrupole resonance 
spec tro scopy  concern  le v e ls  which o r ig in a te  in  th e  in te r a c t io n  
o f  th e  n u c le a r  quadrupole moment w ith  th e  e l e c t r o s t a t i c  f i e l d  
g ra d ie n t produced by nearby  ch a rg e s . The techn ique  i s  very  
s e n s i t iv e  to  th e  e l e c t r o s t a t i c  environm ent in  th e  v i c in i t y  o f  
th e  n u c leu s  and so w ith  ca re  i t  p ro v id es  a  p o te n t ia l ly  ex trem ely  
s e n s i t iv e  means o f  s tu d y in g  th e  e le c t ro n ic  d is t r ib u t io n s  in  
atom s, m olecules and s o l id s .
By perfo rm ing  s u i ta b le  experim ents th e  fo llo w in g  th re e  
ty p e s  o f  in fo rm atio n  r e la te d  to  th e  e le c t ro n ic  environm ent o f  
th e  n u c leu s  may be d e riv ed  from n u c le a r  quadrupole resonance 
s p e c tr a .
a .  The d i r e c t io n s  o f  th e  p r in c ip a l  axes o f  th e  e l e c t r i c
f i e l d  g ra d ie n t te n s o r  a t  th e  n u c le a r  s i t e .
b . The m agnitude o f  th e  g r e a te s t  component o f  t h i s  te n s o r .
c .  The degree o f  asymmetry o f  th e  e l e c t r i c  f i e l d  g ra d ie n t
a t  th e  n u c le a r  s i t e .
The c h e m is t 's  i n t e r e s t  in  n u c le a r  quadrupole resonance 
spectrosoopy  i s  c e n tre d  around th e  in t e r p r e ta t io n  o f  t h i s  
in fo rm a tio n  in  term s o f  m o lecu la r and e le c tr o n ic  s t r u c tu r e .
2 .
Before d is c u s s in g  th e  in t e r p r e ta t io n  o f quadrupole resonance 
s p e c tra  i t  i s  n ecessa ry  to  o u t l in e  th e  th eo ry  o f  th e  in te r a c t io n  
o f  th e  n u c le a r  quadrupole moment w ith  i t s  neighbouring  e l e c t r i c  
f i e l d  in  o rd e r  to  i l l u s t r a t e  th e  form alism  inv o lv ed , and to  
in tro d u c e  th e  param eters  which can be d eriv ed  from such spectra*
1.2  Q uadrupolar energy le v e ls
A n ucleus  in  an  atom o r  m olecule o r  s o l id  ex p erien ces  a  
p o te n t ia l ,  V (r) say , a r i s i n g  from a l l  o th e r  charged p a r t i c l e s ,  
bo th  e le c tro n s  and n u c le i ,  in  i t s  v i c in i t y .  I f  ^ ( r )  i s  the  
charge d e n s ity  a t  a  p o in t w ith in  th e  n u c le u s , a t  v e c to r  d is ta n c e  
r  from th e  n u c le a r  c e n tre  o f  m ass, th en  th e  in te r a c t io n  energy 
i s
where th e  in t e g r a l  i s  tak en  over th e  n u c le a r  volume. The 
p o te n t ia l  V (r) may be expanded by means o f a  T ay lor s e r ie s  about 
th e  o r ig in ,  th e  n u c le a r  c e n tre  o f m ass, so th a t
1.1
+ ^ 5 1  x0<x* / , ( p ) d‘roi^ p + h ig h e r o rd e r  term s 1.2
in  which, when <* A -  1, 2 ,3  th en  x and x .  -  x ,y ,a  r e s p e c t iv e ly ,'' oC p
and i t  i s  understood  th a t
1.4
1.3
3.
The f i r s t  term  in e q u a tio n  1.2 i s  sim ply th e  e l e c t r o s t a t i c  
energy o f th e  n u c leu s  ta k en  a s  a  p o in t charge , and t h i s  can he 
ignored  h e re  s in ce  i t  i s  independent o f n u c le a r  o r ie n ta t io n .
The second term  i s  th e  d ip o le  c o n tr ib u tio n  which i s  zero  i f  th e  
nucleus i s  in  a  s t a t e  o f  d e f in i te  p a r i t y .  The th i r d  term  in  
t h i s  e x p re ss io n  i s  th e  e l e c t r i c  quadrupole' te rm , which th u s  g ives 
th e  o r ie n ta t io n a l  energy o f  th e  nu c leu s  in  th e  e l e c t r i c  f i e l d  
g ra d ie n t ,  c o r re c t  to  fo u r th  o rd e r . I t  i s  conven ien t to  r e c a s t  
th e  quadrupolar energy in  th e  form
V  4  §  ^
•  i  i ;  % + i y  v  I * 2 / ■ « d i :  1*5
where th e  fu n c tio n  Q i s  d e fin ed  by th e  e x p re ss io n
0 “ 1  / ° W  J l!  1- 6
and
" u p  J  u  p  </.p
n u c le a r  
volume
- i  t t  « - p
-  0 i f  oL /  P
1.7
The second term  in  eq u a tio n  1.5 h a s  an equal e f f e c t  on a l l  
s t a t e s  in  th e  m anifo ld  o f  le v e ls  belong ing  to  th e  same I  v a lu e , 
where I  i s  th e  n u c le a r  sp in  quantum number; t h i s  term  i s  
ig n o red  h e re  s in c e  pure n u o le a r  quadrupole resonance spectroscopy  
i s  concerned w ith  t r a n s i t io n s  between such le v e ls ,  so th a t  w ith  
t h i s  u n d e rs tan d in g  th e  quadrupo lar energy  s im p l i f ie s  to
E « 7  V  V Q 1.8
Q o otp up
oL
4.
I t  i s  ap p aren t from th e  d e f in i t io n  o f  V  ^ g iven e a r l i e r  th a t«/3
th e  e l e c t r i c  f i e l d  g ra d ie n t i s  a  te n s o r  c o n s is t in g  o f  n ine 
d i s t i n c t  te rm s. C onsiderab le  s im p l i f ic a t io n  i s  p o ss ib le  
s in c e  a  p r in c ip a l  a x is  system  can alw ays be chosen f o r  the  
p o te n t ia l  such th a t  a l l  o f f -d ia g o n a l e lem ents a re  z e ro , th a t  i s
V « 0 i f  ot /  £  1.9
w hile from L aplace’ s e q u a tio n , which i s  v a l id  i f  th e  e f f e c t s  
o f  th e  sm all e le c t ro n ic  charge d is t r ib u t io n  w ith in  th e  n u c leu s  
a re  n e g le c te d ,
+ — r  + — — * > V * 0 1.10
Thus only  two q u a n t i t i e s  a re  needed to  d e fin e  th e  e l e c t r i c  
f i e l d  g ra d ie n t a t  th e  n u c le u s .
To o b ta in  a  quantum m echanical ex p re ss io n  f o r  th e  H am iltonian 
from th e  c l a s s i c a l  energy given  in  eq u a tio n  1.8  i t  i s  on ly  
n ece ssa ry  to  re p la c e  ^> (r)  by i t s  quantum m echanical o p e ra to r ,  
so th a t
"K. 4- \  opQ b ? V Q 1.11
OPwhere Q i s  o f  course  an o p e ra to r  which a c t s  on ly  on n u c le a r  
e ig e n fu n c tio n s •
The t r a n s i t io n s  o f  i n t e r e s t  in  n . q . r .  sp ec tro scopy  ta k e  p lace  
between s t a t e s  which d i f f e r  only  in  m^ v a lu e s , co rrespond ing  to  
th e  ground s t a t e  va lue  o f  th e  n u c le a r  sp in  quantum number I ,  so 
th a t  o u r n u c le a r  w avefunctions can be w r it te n
V
nucl -  2 ^  c i  4>i 1.12
where th e  b a s is  fu n c tio n s  (f>  ^ a re  la b e l le d  by th e  quantum 
numbers m^. The v a r ia t io n  procedure th u s  le a d s  to  a 
(21  + 1) x (21  + 1) s e c u la r  determ inan t o f th e  u su a l form,
w ith  d iagonal m a tr ix  elem ents ( 1r£ -E) and o f f  d iagonal
mimi
elem ents where
1 2
^  m^  ^  q ^  m2 ^
"  i Z v  <mi I5 K >  1-13
In  t h i s  ex p re ss io n  m^  and m  ^ r e f e r  to  b a s is  s t a t e s  whose m^
v a lu e s  a re  and m  ^ r e s p e c t iv e ly .
These m a tr ix  elem ents a re  most e a s i ly  e v a lu a te d  by
making use o f th e  W igner-Eckart theorem , which in  th e  p re se n t
OPco n tex t s t a t e s  th a t  th e  m a tr ix  elem ents o f  Q a re  p ro p o r tio n a l 
to  those  o f th e  analogous an g u la r momentum o p e ra to rs ,  so th a t
/ m  Q0P | mo \  -  C / m  U  ( I  I  + 1 1  ) -  £
\  1 ^ ( 5 |  2 /  \  1 12 v oc fi (I ol '  ^  .  | 2 /
1.14
where C i s  a  c o n s ta n t o f  p r o p o r t io n a l i ty .  The co n s ta n t can be 
found by c o n s id e r in g  th e  d iagonal m a tr ix  elem ent f o r  which m^  * 
m  ^ * I  and c*» (i -  z , f o r  which
( ^ z l 1)  * C J ^ ( ? I  z - I 2 ) * I  * *
-  Cl (21  -  1) 1.15
The l e f t  hand s id e  o f  e q u a tio n  1.15 i s  obv io u sly  a  co n s ta n t 
which i s  c h a r a c te r i s t i c  o f  th e  n u c leu s  be ing  co n sid e re d ; i t
6can be re p la c e d  by eQ where Q i s  th e  n u c le a r  quadrupole 
moment, d e fin ed  a s  th e  e x p e c ta tio n  v a lu e  o f  th e  c l a s s i c a l  and 
p u re ly  geom etric  q u a n ti ty
rk 2 ( 3 c o s 2 ^  -  1) 1 .1 6
k p ro to n s
ev a lu a ted  f o r  th e  nucleus in  th e  s t a t e  m^. ~ I .
The c o n s tan t C i s  now g iven  by th e  ex p ress io n
n eQ
c “  1 ( 21- 1) 1.17
and th e  quadrupole H am iltonian  becomes
K Q ■ ^ 1 7  { V,Z ^  -  I 2 ) + -  V y y )  (Xx 2 ♦ l / ) }  1.18
i n  th e  p r in c ip a l  a x is  system  o f  th e  e l e c t r i c  f i e l d  g r a d ie n t .
The form o f  th e  H am iltonian  g iven  h e re  em phasises th e  
p o in t made e a r l i e r ,  t h a t  on ly  two p aram eters  a re  needed to  
c h a ra c te r iz e  th e  second d e r iv a t iv e s  o f  th e  p o te n t i a l ;  th e  
two p aram eters  norm ally  chosen f o r  t h i s  purpose a re  th e  
e l e c t r i c  f i e l d  g ra d ie n t ,  - q ,  and th e  asymmetry p aram eter, \  ,
d e fin e d  by
- q  -  V  5 \  -  V* \ ~  ,V  1 # 1 9
zz
The q u a n t i ty  -q  i s ,  by d e f in i t io n ,  th a t  component o f th e  e l e c t r i c  
f i e l d  g ra d ie n t te n s o r  which has th e  l a r g e s t  m agnitude, and th e  
axes a re  chosen such th a t  \  , which m easures th e  d e v ia t io n  o f 
th e  e . f . g .  te n s o r  from  a x ia l  symmetry, f a l l s  w ith in  th e  range 
0 4  \  4  1 • In  term s o f  q and \  th e  quadrupole H am iltonian
becomes
\  - m f f i n  ( < » . 2 - i s > ♦  -  V > )
- m S u i * * . 2 - * 2 ’ ' W - 1- >}
where th e  q u a n tity  eqQ i s  known a s  th e  quadrupole co u p lin g
c o n s ta n t , and I + and I_  a re  th e  r a i s i n g  and low ering  o p e ra to rs
I ,  -  I  + i l+ x y
1.21
I  * I  -  i lx y
I t  should now be a  s tra ig h tfo rw a rd  m a tte r  to  use eo u a tio n  
1.20  to  e v a lu a te  th e  energy le v e l s  fo r  each value  o f  th e  n u c le a r
sp in  quantum number I  f o r  which th e  n u c leu s  can p o sse ss  a  f i n i t e
n u c le a r  quadrupole moment, t h a t  i s  fo r  a l l  1 ^ 1 .  However th e  
p resence  o f  th e  s h i f t  o p e ra to rs  in  th e  quadrupo lar H am iltonian 
le a d s  to  m ixing o f  b a s is  s t a t e s  whose m  ^ v a lu e  d i f f e r  by 2 , and 
so in  g en e ra l c lo se d  s o lu tio n s  f o r  th e  energy  le v e ls  cannot be
found f o r  I  ^  ^  , excep t in  th e  absence o f  asymmetry. For
35t h i s  reaso n  we r e s t r i c t  th e  p re s e n t d isc u ss io n  to  th e  y^Cl n u c le u s , 
f o r  which I  -  ^  ; in  t h i s  case  in  the  p resence o f  an asymm etric
f i e l d  g ra d ie n t th e  s t a t e s  3 and i  a re  mixed, a s  a re  $ i
iz IT
and (fi~ ^  • The s e c u la r  de term inan t can r e a d i ly  be s e t  up and 
so lv ed , to  g ive th e  e ig en v a lu es
E « .222 ( i  +  i
4 v 1 +  t ;
2. 1 • ^ 2
-  ■ ,
“ 2 J
There a re  th u s  two doubly degenera te  energy  le v e ls ,  and only  one 
t r a n s i t i o n  o ccu rs , a t  a  frequency
v  -  I s  ( 1 + ¥ )  *  1- 23
Thus fo r  I  * ^  th e  quadrupole co u p lin g  c o n s ta n t and asymmetry 
param eter cannot be determ ined  s e p a ra te ly  from a  pure n . q . r .
experim ent* In  o rd e r  to  o b ta in  \  and hence th e  quadrupole 
co u p lin g  c o n s ta n t , i t  i s  n ece ssa ry  to  c a rry  ou t experim ents 
in  th e  presence o f  a  weak m agnetic f i e l d .  T h is  a sp e c t o f  th e  
s u b je c t i s  now co n s id e re d .
1*3 The e f f e c t  o f weak m agnetic f i e l d s  on th e  cuadrupole resonanfja 
spectrum  o f  a  n u c leu s  w ith  sp in  quantum number I  * \
2
The a p p l ic a t io n  o f  a s t a t i c  m agnetic f i e l d  h as  a  marked 
e f f e c t  on th e  n .q .r*  spectrum  o f  a  nu c leu s  w ith  I  -  I f  the
sample under in v e s t ig a t io n  i s  a  s in g le  c r y s ta l  th en  the  o r ig in a l  
s in g le  l in e  i s  s p l i t  in to  fo u r  components whose s e p a ra tio n s  and 
in t e n s i t i e s  depend on th e  va lue  o f  \  and on th e  o r ie n ta t io n  o f  
th e  m agnetic f i e l d  r e l a t i v e  to  the  d i r e c t io n s  o f  th e  p r in c ip a l  axes 
o f  th e  e l e c t r i c  f i e l d  g ra d ie n t a t  th e  n u c le u s . So long  a s  th e  
m agnetic f i e l d  i s  weak enough to  be regarded  a s  a  p e r tu rb a tio n ,  
i t s  e f f e c t  can be ex p ressed  m a them atica lly  by add ing  a  f u r th e r  term  
to  th e  quadrupolar H am iltonian  given  above. T h is  new Zeeman term  
i s  g iven by
* -  yft H ( I  cos©  *f I  s in  & cos <P + I  s in  Q s in  <b)m o N z x y  r
1.24
where i s  th e  m agnetogyric r a t i o  o f  th e  n u c le u s .
The e f f e c t  o f  t h i s  p e r tu rb a tio n  on th e  n . q . r .  spectrum  i s  
most r e a d i ly  c a lc u la te d  when \  -  0 . The I  and I  term s in^ y
eq u a tio n  1.24 mix b a s is  fu n c tio n s  whose v a lu es  d i f f e r  by - 1, 
so to  f i r s t  o rd e r  on ly  th e  component o f  HQ which l i e s  a lo n g  th e  a 
a x is  d i r e c t io n  can p e r tu rb  th e  b a s is  fu n c tio n s  "v// + ^ » mnd th e
Zeeman p a t te r n  fo r  th e se  fu n c tio n s  i s  independent o f  (p • The 
degeneracy o f  th e  m  ^ -  “  ^  le v e ls  i s  removed by th e  f i e l d ,
9 #
g iv in g  a  p a i r  o f  le v e ls  whose e n e rg ie s  a re
“ i f -  r > I 2 - X ( l + l )  ? Ho cos©  1.25
to  f i r s t  o rd e r .  However, th e  s i tu a t io n  i s  more complex fo r  the  
mj * -  4  s t a t e s  s in ce  th e  Zeeman f i e l d  causes a  zero  o rd e r  m ixing 
o f th e  degenerate  b a s is  w avefunctions; th e  new
e ig e n fu n c tio n s  a re  found by degenerate  p e r tu rb a tio n  th eo ry  to  be
^  + * ^ + 4  s in  ^  + 008 °*
s in  °* ~ ^ + 4  008 01
where
1,26
2 f  +1ta n  c* = j -Z L  1.27
1,28
and
f  * £ 1 + ( I  + 4 ) 2 ta n 2 & J ^
The e n e rg ie s  o f  th e se  new s t a t e s  a re  g iven  by
E+ -  4I ( g j ? 1J [  «  -  1(1 + 1)] + i f y - B  H0 cos©  1.29
so th a t  th e  energy le v e l  diagram i s  a s  shown in  F igure  1.1
N N
below . The Am -  -  1 t r a n s i t io n s  between th e  new energy 
le v e ls  a re  i l l u s t r a t e d  in  th e  f ig u re ,  th e  freq u en c ie s  o f 
th e se  fo u r  t r a n s i t i o n s  be ing
■voi
» ®jaa -
2h
5 -  *.
4 t r • y H o cos  0
-  eja£ _
2h
5 + *.
4 t r yH o cos 9
1.30
X,.
* eaQ + 
2h
5 -  * 
4 i r * Ho cos 9
“ ®a£ + 
2h
3 + f
4 i r ■y H o cos 9
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The in te n s i ty  r a t i o  o f  th e  o u te r ,  /3 , p a i r  o f  resonance l in e s  
to  th e  in n e r ,  <* , p a i r  tu rn s  ou t to  be ( f - l ) / ( f + l ) ,  and so v a r ie s  
w ith  o r ie n ta t io n ,  a s  does th e  se p a ra tio n  o f th e  peaks. For 
8 q -  ta n  1 [ 2 / / 2 / ( I  + i ) J  , i . e .  * 54°44* fo r  I  * jj-, th e  
s p l i t t i n g s  o f th e  two d o u b le ts  in  th e  spectrum  a re  given by
A ^ ,  = o  , A V ^ ,  = i j L .  H 1.31
The lo cu s  o f zero  s p l i t t i n g  fo r  th e  (otj c*!) components i s  d e fin ed  
by 3q ly in g  on a  r ig h t  c i r c u la r  cone w ith  se m iv e rtio a l ang le  0Q 
whose a x is  c o in c id e s  w ith  th e  symmetry a x is  o f  th e  e . f . g .
Because a  s tro n g  l in e  i s  o b ta in ed  a t  th e  o r ig in a l  u n pertu rbed  
frequency t h i s  cone o f  zero  s p l i t t i n g  i s  easy  to  lo c a te ,  and th e  
d ir e c t io n  o f  th e  symmetry a x is  can thence e a s i l y  be determ ined .
In  a d d i tio n  to  th e se  t r a n s i t i o n s ,  a  "Am -  1" t r a n s i t io n  i s  
a lso  p o s s ib le  between th e  s t a t e s  | + )  and | -)> , and t h i s  i s  
shown by a  d o tte d  l in e  in  F igu re  1.1 ( a ) ;  th e  frequency  o f t h i s  
t r a n s i t i o n  i s ,  to  f i r s t  o rd e r ,
.  t  y  HQ c o . e  1<5J
2 1T
which i s  too  low to  be observed  in  an n . q . r .  experim ent.
11 .
(a )
+- | )
iO
oC
_ I
2 >
I -  > 
!♦ >
(b)
V
F igu re  1.1 (a )  The Zeeman s p l i t t i n g  o f th e  quadrupolar
energy le v e ls  fo r  I  « when \  * 0 .
2 ,
(b) Observed n . q . r .  spectrum  fo r  I  ■ *■ , \  
in  a  weak Zeeman f i e l d  ; V i s  
th e  n . q . r .  frequency  in  th e  absence o f a 
m agnetic f i e l d .
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The e f f e c t  o f  a  m agnetic f i e l d  on a  n u c le a r  quadrupole 
resonance spectrum  i s  much more complex when th e  e l e c t r i c  
f i e l d  g ra d ie n t i s  asymmetric* In  t h i s  case  th e  energy le v e ls  
can be shown to  be g iven  by an ex p re ss io n  o f  th e  form
E -  E / x -  X*  Ho m+ m(o) —  ----- a 2 co s^0  + (b^ + c^ + 2b c cos 2^ ) s in ^ 0  m r a m  mm r /
1.33 '
where ar® th e  energy le v e ls  in  th e  absence o f  a  m agnetic
f i e l d .  For I  ■ ^  th e  c o e f f ic ie n ts  in  t h i s  ex p ress io n  a re  given 
by
ai l  '  ‘  1 * T  ; a t  J  * '  1 + ?
'  1 '  r  ;  ’  1 +  f
2 \  /  i 2 \ i  1*54c+ i  -  -c+4  -  }  . p  -  ( i + ^ - )
*2
I t  can be seen th a t  th e  presence o f  th e  m agnetic f i e l d  once 
ag a in  removes th e  degeneracy between th e  s t a t e s  -  m^. As we 
found above a l l  fo u r  t r a n s i t i o n s  between th e  two p a i r s  o f  
a d ja c e n t le v e ls  become p o s s ib le  and once ag a in  th e  spectrum  
c o n s is ts  o f two p a i r s  o f  l i n e s ,  each p a i r  e q u a lly  spaced about 
th e  pure n . q . r .  freq u en cy . The in n e r  o r  oi p a i r  a re  ag a in  th e  
more in te n se  w hile th e  ft p a i r  a re  weak and a l l  l i n e s  in  th e  
spectrum  a re  dependent on th e  va lue  o f  \  •
The lo c u s  o f  ze ro  s p l i t t i n g  o f  th e  ot p a i r  can be shown to
be given by th e  ex p re ss io n
s in  2 0 _ -   2 .
0 3 -  co s 2 *  1,55
which d e f in e s  an e l l i p t i c  cone around th e  Z -a x is . A knowledge
o f  &0 in  two p la n e s , 0o ( 0  « 0° )  and 0 o (</> -  90° )  now makes i t
p o s s ib le  to  c a lc u la te  th e  asymmetry param eter from th e  ex p re ss io n
13.
^  „ .3 [ s in  20 O(O°) -  s in  2 0 O ( 90° ) ]
s in  2 e o ( 0°) + s in  ( 90° )
1.36
T h is , th e  "zero  s p l i t t i n g  lo c u s"  method o f d e term in ing  \ , has 
been w idely u sed , a lthough  g re a te r  accuracy  can be ach ieved  by 
an a l t e r n a t iv e  method, th e  s o -c a lle d  " f re q u e n c y -f ie ld "  method 
developed by Rehn, in  which th e  s p l i t t i n g  o f  th e  ol and 
components i s  measured when th e  m agnetic f i e l d  i s  p o s itio n e d  
p e rp e n d ic u la r  to  th e  Z a x i s .  In  t h i s  o r ie n ta t io n  th e  s p l i t t i n g  
between th e  oi and /£ components i s  g iven  by
Thus a  p re lim in a ry  in v e s t ig a t io n  i s  needed to  determ ine the  
p r in c ip a l  a x is  d i r e c t io n s ,  in  o rd e r to  app ly  t h i s  method; a  
sim ple frequency  measurement w ith  th e  c r y s ta l  in  th e  a p p ro p ria te  
o r ie n ta t io n  th en  y ie ld s  an ac c u ra te  measurement o f  '’l .
The above d isc u ss io n  can be summarised a s  fo llo w s . For 
a  nu c leu s  which has sp in  quantum number I  ■ ^  , a  pure n . q . r .  
experim en t, w hether on a p o ly c ry s ta l l in e  o r  s in g le  c r y s ta l  sam ple, 
y ie ld s  th e  frequency  o f  th e  resonance s ig n a l ,  bu t does n o t a llow  
an e s tim a te  to  be made o f  th e  quadrupole co u p lin g  co n s ta n t and 
asymmetry param eter in d ep en d en tly . In  o rd e r  to  e s tim a te  \  , and 
hence eqQ., one o f  th e  ty p e s  o f  measurement d iscu ssed  above must 
be c a r r ie d  ou t on a  s in g le  c r y s ta l  sample in  a  weak m agnetic 
f i e l d .  The g re a te s t  d i f f i c u l ty  w ith  th e se  methods i s  th a t  a
s in g le  c r y s ta l  o f  about one cubic cen tim e tre  in  s iz e  i s  needed
35fo r  such measurements on y C l,  and t h i s  se v e re ly  r e s t r i c t s  th e  
range o f  su b stan ces  which can be s tu d ie d .
An a l te r n a t iv e  method o f  d e term in ing  \  i s  a v a i la b le ,  which
V 1 + ( cos 2 <p -  \  ) 1.37
depends upon th e  a n a ly s is  o f  th e  lin e sh ap e  produced when a  weak 
m agnetic f i e l d  i s  a p p lie d  to  a  p o ly c ry s ta l l in e  sam ple. T h is 
techn ique  w i l l  be d iscu ssed  a t  le n g th  in  C hapter I I I ,  but i t  i s  
no ted  a t  t h i s  p o in t th a t  th e  co n s id e ra b le  b roaden ing  o f th e  
resonance l i n e  which occu rs  in  th e  a p p lie d  m agnetic f i e l d  r e s t r i c t s  
th e  method to  th o se  compounds which e x h ib it  very  s tro n g  quadrupole 
resonance s ig n a ls .
I f  none o f  th e se  methods i s  a p p lic a b le  to  a  p a r t i c u la r  
compound i t  i s  o f te n  p o s s ib le  to  make an approxim ate e s tim a te  o f 
eqQ from th e  observed pure n . q . r ,  frequency , by n e g le c tin g  th e  
term  in  \  in  eq u a tio n  1.23* The quadrupole co u p lin g  c o n s ta n t ,  
measured in  M ,9 z ,, i s  then  equal to tw iee th e  resonance frequency .
T h is  i s  a  good approxim ation  i f  \  < 0 . 1 , which i s  th e  case  fo r
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^ Cl in  most sp e c ie s  in  which c h lo rin e  i s  bonded to  on ly  one atom; 
such an approxim ation  cou ld  n o t be j u s t i f i e d  however i f  co n s id e ra b le  
f r  -  c h a ra c te r  were expected  in  th e  bond to  c h lo r in e , o r  i f  th e  
l a t t e r  was p re se n t a s  a  b r id g in g  lig a n d ,
1,4* I n te r p r e ta t io n  o f  n u c le a r  quadrupole resonance d a ta
In  th e  p reced in g  s e c tio n s  we have d iscu ssed  how th e  phenomenon 
o f  n u c le a r  quadrupole resonance o r ig in a te s  in  th e  in te r a c t io n  o f 
a  quadrupolar n u c leu s  w ith  i t s  environm ent, and have i l l u s t r a t e d  
th e  d e r iv a tio n  o f  th e  param eters  eqQ and \  from an n , q , r ,  experim ent 
in v o lv in g  a  n u c leu s  which has sp in  quantum number I  * ^ » I f  Q,
th e  quadrupole moment o f  th e  n ucleus i s  known, and i t  i s  assumed 
th a t  changes in  th e  charge d i s t r ib u t io n  e x te rn a l to  th e  nucleus 
do n o t a l t e r  t h i s  n u c le a r  moment, th en  i t  fo llo w s th a t  th e  n , q , r ,  
measurements g ive in fo rm atio n  about th e  param eters  q and \  o f
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th e  e l e c t r i c  f i e l d  a t  th e  nucleus# Both th e  e l e c t r i c  f i e l d  
g ra d ie n t and th e  asymmetry param eter a re  d e fin ed  e s s e n t i a l ly ,  
but n o t e n t i r e ly ,  by th e  e le c tro n s  in  th e  neighbourhood o r  th e  
n u c le u s , so th a t  in  p r in c ip le  i f  th e  m agnitudes o f  q and \  a re  
known th e n  a  g re a t d ea l o f  in fo rm atio n  can be o b ta in ed  about 
th e  w avefunctions d e sc r ib in g  th e  d is t r ib u t io n s  o f  a t  l e a s t  some 
o f the  e le c tro n s#
We can i l l u s t r a t e  th e  r e la t io n s h ip  between th e  charge 
d i s t r ib u t io n  around a  n u c le u s , and th e  e l e c t r i c  f i e l d  g ra d ie n t 
to  which th e  n u c leu s  i s  su b je c te d  a s  fo llow s# C onsider a  
quadrupo lar n uc leus  s i tu a te d  a t  th e  o r ig in  o f  th e  C a r te s ia n  a x is  
system  in  F igu re  1.2 below# An in c rem en ta l charge Ae a t  a  
d is ta n c e  r  from th e  n u c leu s  c o n tr ib u te s  an amount
to  th e  inc rem en ta l e l e c t r o s t a t i c  p o te n t ia l  a t  th e  o r ig in .  Hence 
th e  c o n tr ib u tio n  o f  th e  in crem en ta l charge Ae to  q, th e  n eg a tiv e  
o f  th e  f i e l d  g ra d ie n t component a lo n g  th e  Z a x is  d ir e c t io n  o f  
th e  c o -o rd in a te  system , i s
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F ig u re  1.2 Axis system f o r  a  m olecu la r e le c tro n ic  charge 
d i s t r i b u t i o n .
A e ( r  3 -  r  3)
-  A e  /  ? cob- . ? —  X  )
I  r 3 /  1.39
I t  can s im ila r ly  be shown th a t
2 ) ? A V  * /  5  s i n ^  8  c o b ^  1
.2
and
? 2AV _ A e /   ^ s in 2 0 s in 2 4> -  1
8 I r 3
1.40
1.41
and i t  now fo llo w s th a t  th e  t o t a l  va lue  o f  q a t  th e  nucleus 
due to  the  i  e le c t ro n s  in  i t s  v ic in i t y  i s
"® l — I Y i ' l  " ^  - l " ^  d -c A 1.42?  2
space *
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where ^  aure the polar co-ordinates of the
e lectron  with respect to the p rinc ipa l axes of the e le c tr ic  
f ie ld  gradient tensor. Y'j. i s  the normalised wavefunction 
fo r the i  e lec tro n , so th a t i f  the atomic or molecular 
wavefunctions are known then q can be calcu la ted , and hence 
the nuclear quadrupole coupling constant eqQ can be evaluated 
from the wavefunctions, provided th a t the nuclear quadrupole 
moment i s  known; the extent of agreement between experimental 
and calcu lated  values of eqQ can thus serve as a te s t  of the 
accuracy of proposed ground s ta te  molecular wavefunctions 
near the nucleus.
In  p r a c t ic e  a  number o f  problem s surround any a ttem p t to  
c a lc u la te  q , which m ainly a r i s e  from d i f f i c u l t i e s  in  o b ta in in g  
r e l i a b l e  atom ic and m o lecu la r w avefunctions. For t h i s  reason  
i t  i s  conven ien t to  d isc u ss  atoms and m olecu les s e p a ra te ly ,  
s in c e  many o f th e  co n c lu sio n s  drawn from work on co u p lin g  
c o n s ta n ts  in  atoms can be a p p lie d  to  s tu d ie s  o f  m olecu lar 
system s and can be used in  shap ing  th e  form o f a n a ly s is  a p p lie d  
to  th e  l a t t e r .
1.5 Quadrupole co u p lin g  c o n s ta n ts  in  atoms
In  o rd e r  to  c a lc u la te  q f o r  an atom w ith  h y d ro g en -lik e  
o r b i t a l s  i t  fo llo w s from eq u a tio n  1.42 th a t  i t  i s  n ecessary  
to  e v a lu a te  th e  e x p re ss io n  ( 3  c o s ^ £ - l ) r  ^ a t  th e  n u c leu s ,
averaged  over th e  e le c t ro n ic  d i s t r i b u t io n .  I t  fo llo w s
im m ediately from t h i s  eq u a tio n  th a t  no s p h e r ic a l ly  symmetric 
d i s t r i b u t io n  o f  charges can make any c o n tr ib u tio n  to  q , so 
th a t  s e le c t ro n s ,  and e le c tro n s  in  f i l l e d  s h e l l s ,  should  give
r i s e  to  no e l e c t r i c  f i e l d  g ra d ie n t a t  th e  n u c le u s . By 
c o n tra s t  an e le c tro n  in  a  h y d ro g en -lik e  2p o r b i t a l  should 
produce a la rg e  f i e l d  g ra d ie n t a t  i t s  n u c leu s ; f o r  a 2p
z
o r b i t a l  th e  e . f . g .  i s  in  f a c t  g iven by
■ - 3 H $ )  1,45
w hereas an e le c tro n  in  an analogous 2p o r  2p o r b i t a lx y
produces an e . f . g .  a t  th e  nucleus o f
q2Px ‘  °-2Py " + ^ ( ^ )  1,44
Since th e  f i e l d  g ra d ie n t e x e r te d  a t  th e  n u c leu s  by a  
s in g le  e le c tro n  in  a  p o r b i t a l  depends on Z , quadrupole 
resonance f re q u e n c ie s  should  in  g en era l be la rg e r  f o r  n u c le i 
o f  h igh  atom ic number. I t  i s  a lso  app aren t t h a t ,  because 
o f th e  in v e rse  dependence on r ^ ,  e le c tro n  d e n s ity  c lo se  to  
th e  n ucleus should  make th e  l a r g e s t  c o n tr ib u tio n  to  q ; 
d - and f -  e le c tro n s  th u s  make l i t t l e  c o n tr ib u tio n  to  the  
f i e l d  g ra d ie n t in  com parison to  th o se  in  p - o r b i t a l s  o f th e  
same p r in c ip a l  quantum number. For example th e  r a t i o s  o f
th e  c o n tr ib u tio n s  to  q from a  4PZ e le c t ro n ,  a  4d 2 e le c tro n
1 1and a  4f   ^ e le c tro n  a re  1 s r  : r r  .
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From th e  above d is c u s s io n , and th e  sim ple form o f th e
e x p re ss io n s  fo r  q in  eq u a tio n s  1.43  and 1 . 44» i t  vould
appear th a t  i t  should  be easy  to  o b ta in  good agreem ent between
c a lc u la te d  and experim en ta l v a lu e s  o f  th e  quadrupole co u p lin g
c o n s ta n t . That t h i s  i s  n o t so i s  due to  th e  presence o f
c o r r e la t io n  e f f e c t s ,  and to  th e  phenomenon known a s  S ternheim er
p o la r i s a t io n .  The c o r r e la t io n  e f f e c t s  which occu r a re
analogous to  th o se  encoun tered  in  c o n s id e r in g  h y p e rfin e
in te r a c t io n s  in  e le c tro n  param agnetic resonance spec tro sco p y .
Thus i f  th e  atom h as  a  s in g le  p e le c tro n  in  th e  valence s h e l l  
t h i s  w i l l  give r i s e  to  an e . f . g .  o f th e  magnitude g iven  in  
eq u a tio n  1.43  o r  1.44  » s im u ltan eo u sly  however th e  va lence 
e le c tro n  d i s to r t s  th e  in n e r  s h e l l s  p roducing  a  f u r th e r  f i e l d  
g ra d ie n t a t  th e  n u c le u s , th e  m agnitude o f  which i s  id e n t ic a l  
to  th a t  p re d ic te d  by th e  S ternheim er e f f e c t .
The l a t t e r  e f f e c t  i s  v is u a l is e d  a s  fo llo w s . The quad­
ru p o le  moment o f  th e  n ucleus  h e re  p o la r i s e s  th e  in n e r  s h e l l s ,  
and th e  r e s u l t in g  quadrupolar d is to r t io n  o f  t h e i r  charge 
d i s t r ib u t io n  in t e r a c t s  w ith  th e  e l e c t r i c  f i e l d  g ra d ie n t o f  th e
p e le c t ro n .  I f  th e  p e le c tro n  i t s e l f  were expected  to  give
or i s e  to  a  f i e l d  g ra d ie n t o f  V then  th e  e , f . g .  in  th e  presencezz
o f  th e  S ternheim er e f f e c t  becomes V 0 ( 1 -  X ) where # ,zz w
a  c o n s ta n t , i s  known a s  th e  S ternheim er p o la r i s a t io n  f a c to r  
o f  th e  atom.
Thus the  e l e c t r i c  f i e l d  g ra d ie n t p re d ic te d  by, f o r  example, 
eq u a tio n  1.44  must be m u lt ip l ie d  by th e  f a c to r  (1 -  V) in  o rd e r  
to  g ive  an a c c u ra te  p re d ic t io n  o f  th e  f i e l d  g ra d ie n t in  a l l  atoms 
excep t hydrogen.
The e v a lu a tio n  o f  ^  i s  an even more v i t a l  f a c to r  in  th e  
c a lc u la t io n  o f  th e  e . f . g .  in  an io n ic  c r y s t a l ,  s in ce  X i s  very  
la rg e  when th e  charges producing  th e  d i s to r t io n  a re  e x te rn a l to  
th e  atom o r  ion  c o n ta in in g  th e  quadrupolar n u c leu s; in  an in s ta n c e  
o f  t h i s  s o r t  u n c e r ta in ty  in  th e  va lue  o f 2f can give r i s e  to  the  
m ajor e r r o r  in  th e  c a lc u la t io n .
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1.6 Quadrupole coupling constants in  molecules
From the discussion above i t  i s  c lea r th a t the th eo re tic a l 
ca lcu la tio n  of the f ie ld  gradient a t  a nucleus in  even a 
re la tiv e ly  simple molecule i s  an extremely d if f ic u l t  task . 
Although some encouraging re su lts  can be obtained fo r diatomic 
molecules, in  o ther cases considerable s im p lifica tions have to 
be introduced, and the way in  which th is  problem i s  normally 
approached i s  considered below.
The e le c tr ic  f ie ld  gradient a t  a nucleus in  a molecule can 
be expressed in  the form
Here i s  th e  t o t a l  charge on n u c leu s  i  in  th e  m olecule , a t  
d is ta n c e  from th e  one under c o n s id e ra tio n , and 'i' i s  the  
w avefunction fo r  th e  com plete e le c tro n  d is t r ib u t io n  about th e  
n u c le u s . The magnitude and symmetry o f  the  e . f . g .  a re  determ ined 
la rg e ly  by th e  e le c tro n s  in  th e  neighbourhood o f  th e  n u c leu s .
The n u c le a r  term  in  eq u a tio n  1.43 i s  much sm a lle r  and i s  u s u a lly  
neg lected*
In  m olecu la r o r b i t a l  th e o ry , th e  m olecule can be d esc rib ed  
by a  s e t  o f  N doubly occupied  o rth o g o n a l m o lecu la r o r b i t a l s ,
each o f  which can be w r i t te n  in  th e  form o f  a  l i n e a r  com bination
tilo f  n o rthogonal atom ic o rb i ta ls *  The ;}—  member o f  t h i s  s e t  i s
T j  -  £  c i j  0 1 
i
and in  g en era l in n e r  s h e l l  o r b i t a l s  a re  com plete ly  n e g le c te d .
When t h i s  eq u a tio n  i s  s u b s t i tu te d  in to  th e  f i r s t  term  o f eq u a tio n  
1*45 th e  c o n tr ib u tio n  to  q a t  th e  f i r s t  nu c leu s  from a l l  bu t
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th e  in n e r  c lo se d  s h e l l s  o f  e le c t ro n s ,  becomes
The su b sc r ip t 1 in d ic a te s  th a t  th e  term  to  which i t  a p p l ie s  
i s  to  be e v a lu a te d  a t  n u c leu s  1, s in ce  i t  i s  t h i s  nucleus 
whose quadrupole co u p lin g  c o n s tan t i s  o f  i n t e r e s t  to  u s .  On 
expanding ou t eq u a tio n  1.47  th re e  ty p e s  o f in te g r a l  a re  en­
co u n te red . There a re  o n e -ce n tre  in te g r a l s  o f  th e  form
in v o lv in g  atoms 1 and 2 say , and th re e -c e n tre  in te g r a l s  o f 
th e  form
in v o lv in g  atoms 1,2 and 3* E v a lu a tio n  o f th e  two -  and 
th re e  -  c e n tre  in te g r a l s  i s  f a i r l y  d i f f i c u l t  so th a t  in  g en e ra l 
some approx im ations have to  be made.
The most common method o f overcom ing th e se  com putational 
problem s i s  th a t  in tro d u ced  by Townes and D a iley . T h is employs
what i s  e s s e n t i a l ly  a  lo c a l iz e d - o r b i ta l  approach . Thus f o r  a
te rm in a l n u c le u s , such a s  c h lo rin e  -  35 in  a  compound R -C l, we 
co n s id e r on ly  o r b i t a l s  on c h lo rin e  and on th e  atom to  which i t  
i s  bonded. A ll th re e -c e n tr e  in t e g r a l s  a re  th e n  z e ro ; a l l  two- 
c e n tre  in te g r a l s  a re  s e t  a g a in s t th e  n u c le a r  c o n tr ib u tio n  o f  the  
bonded atom, and norm ally  p o la r iz a t io n  e f f e c t s  a re  assumed to  be 
th e  same a s  those  in  th e  c h lo r in e  atom . We now f in d  th a t  th e
tw o -cen tre  in te g r a l s  such a s
magnitude o f  th e  e l e c t r i c  f i e l d  g ra d ie n t depends e n t i r e ly  on 
th e  p o p u la tio n s  o f  th e  c h lo r in e  3P o rb i ta ls *
The s i tu a t io n  i s  p a r t i c u la r ly  sim ple i f  th e  d ir e c t io n s  o f  
th e  p r in c ip a l  axes o f  th e  e*f*g* can be id e n t i f i e d  w ith  th e  
m olecu lar symmetry and th e  p o r b i t a l s  s p e c if ie d  by the  same 
a x is  system* In  t h i s  c a se , in  a  m olecule such a s  R-C l, 
l i e s  a lo n g  the  bond d ir e c t io n  and th e  c h lo r in e  bonding o r b i t a l  
can be taken  to  be a  3s “ 3P h y b rid  o f  th e  form
"Y , -  a ? J s  + ( l - a 2 ) i Y J 1.46
2 Pis where a  i s  th e  s c h a ra c te r  o f  th e  bonding o r b i t a l ;  th e
p o p u la tio n  o f  t h i s  o r b i t a l  i s  s e t  equal to  b . The non-bonding
o r b i t a l ,  whose p o p u la tio n  i s  co n v en tio n a lly  d es ig n a ted  n , i s
now o f th e  form
r 2 -  ( 1 - * 2 >4 Y 3 8  -  a Y 3 p z  1 .49
w hile  th e  1T o r b i t a l s  tak e  th e  form
^ 3  -  Y 3
*^4 -  *+'3Py 1,50
The p o p u la tio n s  o f  th e  o r b i t a l s  a re  p and p r e s p e c t iv e ly .x y
I t  can now be e a s i ly  shown th a t  th e re  i s  a  r e la t io n s h ip  
between th e  quadrupole co u p lin g  co n s ta n t f o r  t h i s  m olecule 
(R -C l) and th a t  f o r  th e  c h lo r in e  atom, such th a t
t e H  f r S L  * * { b (1  * a 2 )  + ~ 2 } + K P « + V  1- 51
35where th e  Cl n u c le a r  quadrupole co u p lin g  c o n s ta n t in  th e  
c h lo r in e  atom i s  known ex p e rim en ta lly  to  be -109*7 M^a* I f  
i t  i s  now assumed th a t  th e  p^ o r b i t a l  can tak e  p a r t  in  1? 
bonding, bu t th a t  th e  p o r b i t a l  cannot i n t e r a c t  in  t h i s  way, 
th en  t h i s  e x p re ss io n  becomes
23.
= ' < -  =2.eqQ/hjatora£fl2^ S S i  .  ( ,  a ) ( 2 -  b ) - H  , .5 2
2
T his ex p re ss io n  can be r e c a s t  by employing a  v a len ce - 
bond r a th e r  th an  a  m o lecu la r o r b i t a l  p ic tu r e ,  in  which case
( eqQ, /  h) mol -  ( 1 -  a 2) ( 1 -  i  ) -  JL  1*53
(eqQ /  h) atom 2
Here i  i s  th e  io n ic  c h a ra c te r  o f  th e  R-Cl bond which i s  
in tro d u ced  by ex p re ss in g  th e  w avefunction o f  th e  bonding 
o r b i t a l  in  th e  valance-bond  form
- y b -  (1 -  i )  i  -  Cl) + i J - f ( H + C l ' )  1.54
■f w
The io n ic  form R Cl w i l l  o f  course make no c o n tr ib u tio n  to  
th e  quadrupole co u p lin g  co n s ta n t s in c e  th e  c h lo r id e  ion  has 
sp h e r ic a l symmetry* The o th e r  new q u a n tity  in  eq u a tio n  1.53* 
namely TT , i s  norm ally  r e f e r r e d  to  a s  th e  " i r -  c h a ra c te r"  
o f the  bond, s in ce  i t  m easures the  e x te n t o f  t r  bonding in  th e  
system . I t  i s  d e fin ed  by s e t t in g  th e  p o p u la tio n  o f  
th e  p^ o r b i t a l ,  equal to  2 -  TT ; in  the  absence o f TT- 
bonding t h i s  o r b i t a l  becomes non-bonding, and so must have 
a  p o p u la tio n  o f 2 . The presence o f  t h i s  TT bonding r e s u l t s  
in  th e  lo s s  o f  th e  c y l in d r ic a l  symmetry, so th a t  th e  asymmetry 
param eter i s  no n -zero , and i s  r e la te d  to  th e  Tr c h a ra c te r  o f  
th e  bond by th e  ex p re ss io n
■’l * 2  . ( eqQ. /  h  ) atom
V  2 ■ (eqQ /  h  j mol 1‘ 55
E quations 1.33 and 1.33 can now be used to  analyze  th e  
experim en ta l d a ta  o b ta in ed  from n u c le a r  quadrupole resonance 
sp ec tro scopy  in  term s o f  sim ple bonding p a ram eters . There 
a re  however a t  l e a s t  th re e  p aram eters  in  th e se  ex p ress io n s  
( a ,  i  and 11" ) and on ly  th e  two experim en tal q u a n t i t i e s  eqQ 
and \  , so th a t  in t e r p r e ta t io n  o f  r e s u l t s  i s  n o t s tra ig h tfo rw a rd
24.
u n le ss  some s im p lify in g  assum ptions can be made. N ev erth e less  
th e  th e o ry  i s  ex trem ely  u s e fu l in  h e lp in g  to  r a t i o n a l i s e  n . q . r .  
d a ta , e s p e c ia l ly  when com parisons a re  to  be made among s e v e ra l 
r e la te d  compounds.
1.7 Environm ental e f f e c t s  in  n u c le a r  quadrupole resonance 
spectroscopy
In  a l l  o f  the  p reced in g  d isc u ss io n  i t  h as  been t a c i t l y  
assumed th a t  in  n u c le a r  quadrupole resonance th e  m olecule under 
study  can be t r e a te d  a s  an i s o la te d  e n t i t y .  Thus th e  above 
th e o ry  in t e r p r e t s  eqQ and \  in  term s o f th e  in tra m o le c u la r  
bonding, and n e g le c ts  any in flu e n c e  e x e rte d  by neighbouring  
m o lecu les. However, s in c e  pure n . q . r .  spectroscopy  i s  on ly  
a p p lic a b le  to  s o l id s ,  i t  fo llo w s th a t  th e  spectrum  observed  fo r  
any m olecu le , even one p re se n t in  a  sim ple m olecu la r c r y s ta l ,  
must be p e rtu rb e d  to  some e x te n t by i t s  environm ent. A number 
o f  im portan t consequences fo llo w  from t h i s  sim ple s ta tem en t.
Perhaps th e  most obvious e f f e c t  o f  th e  c r y s ta l l in e  s t a t e  
on n . q . r .  i s  th a t  n u c le i  which a re  chem ica lly  id e n t ic a l  in  the  
i s o la te d  m olecule may o f te n  l i e  in  c ry s ta l lo g ra p h ic a l ly  
in e q u iv a le n t s i t e s  in  th e  s o l id ,  and so have s l i g h t ly  d i f f e r e n t  
resonance fre q u e n c ie s . The sp read  o f  fre q u e n c ie s  observed 
i s  norm ally  r e l a t i v e ly  sm a ll, g e n e ra lly  le s s  th an  500 K Hz. in  
55C1 quadrupole reso n an ce . I f  c a re  i s  tak en  to  ensure th a t  
a l l  th e  s ig n a ls  have been d e te c te d , th e  n . q . r .  spectrum  may th u s  
g ive an in d ic a tio n  o f  th e  m olecu lar p o in t symmetry in  th e  c r y s ta l ,  
00 th a t  n . q . r .  p ro v id es  a  s e n s i t iv e  method o f  d e te c tin g  phase 
changes.
I t  i s  g e n e ra lly  found th a t  quadrupole co u p lin g  c o n s ta n ts
determined in  the so lid  s ta te  by n .q .r .  are lower by up to 
10^ than measurements made in  the gas phase by microwave 
spectroscopy. This i s  true even when the compound in  question 
forms a simple molecular c ry s ta l in  which the interm olecular 
forces present are non-specific , so th a t strong in te rac tio n s  
such as hydrogen bonding are absent. The e ffeo t i s  assumed 
to be p a rtly  due to  the fa c t th a t in  the so lid  each molecule 
s i t s  in  an e le c tr ic  f ie ld  created by the surrounding dipoles; 
in  order fo r th is  to  cause a f a l l  in  eqQ the dipoles must be 
oriented so as to tend to  make the molecule more ion ic .
Although th is  in te ra c tio n  of dipoles i s  undoubtedly present, 
there i s  no reason to suppose th a t i t  should always act in  the 
same sense, so we would expect th a t in  some systems i t  could 
lead to a r is e  in  eqQ on going from the gas to  the so lid  phase.
To explain the almost universal lowering of the quadrupole 
coupling constant on going to the so lid  s ta te  i t  must be 
remembered th a t the molecules in  the c ry s ta l are not s ta t i c ,  
but are v ib ra tin g . Molecular motions in  so lid s  have a profound 
e ffec t on quadrupole resonances, since to rs io n a l modes of 
molecules in  the so lid  cause the nuclei to  be ag ita ted  a t  a 
ra te  which i s  very f a s t  compared to the quadrupole resonance 
frequencies of the n u c le i. This a ffe c ts  the re laxation  times 
and also  usually  averages the quadrupole coupling constant to 
a lower value than th a t fo r the s ta t ic  molecule, explaining 
the drop in  eqQ on going to  the so lid  s ta te  which we have noted 
above. Furthermore the n .q .r .  frequency now becomes a function 
of temperature, f a l l in g  fu rth e r  as the amplitudes of the 
to rs io n a l motions increase with increasing  temperature.
When almost free  ro ta tio n  s e ts  in , as in  a so lid  a t  an elevated 
temperature ju s t below i t s  m elting p o in t, or when complete 
tumbling i s  present and c o llis io n  frequencies are high, as 
in  a liq u id  or in  a gas under high pressure, then the e le c tr ic  
f ie ld  gradient i s  time averaged to  zero and n .q .r ,  can no longer 
be observed.
The s e n s i t i v i t y  o f  n u c le a r  quadrupole resonance to  th e  
v a r io u s  s o l id  s t a t e  e f f e c t s  d esc rib ed  h e re  makes th e  techn ique 
an ex trem ely  u s e fu l probe o f  th e  s t r u c tu r a l  environm ent in  
m olecu lar s o l id s ,  and o f  th e  n a tu re  o f  th e  v ib r a t io n a l  modes 
which occur th e re in .
1.8 E xperim ental a sp e c ts  o f  n u c le a r  quadrupole resonance 
spectroscopy
The g re a t m a jo r ity  o f n u c le a r  quadrupole resonance 
experim ents c a r r ie d  ou t to  d a te  have employed e i th e r  a  m arginal 
o s c i l l a t o r  o r a  su p e r- re g e n e ra tiv e  o s c i l l a t o r .  M arginal 
o s c i l l a t o r s  a re  p re fe r re d  a t  f re q u e n c ie s  in  the  range 
1 ^  10 M.Hz. The m ajor advantage o f  t h i s  type o f  system
over th e  su p e r-re g e n e ra tiv e  o s c i l l a t o r  i s  i t s  good lin esh ap e  
rep ro d u c tio n  and i t s  a b i l i t y  to  work a t  low rad io -freq u e n cy  
power le v e ls .  T h is  makes i t  s u i ta b le  fo r  th e  study  o f  compounds 
in  which n u c le i have long  r e la x a t io n  tim es .
S u p e r-reg en e ra tiv e  o s c i l l a t o r s  can be used a t  freq u en c ie s  
from 10 MHz. up to  a t  l e a s t  ^00 MHz., and a re  b e lie v e d  to  be 
in h e re n tly  more s e n s i t iv e  th a n  m arginal o s c i l l a t o r s ,  bu t u n t i l  
r e c e n t ly  i t  has been d i f f i c u l t  to  make wide frequency scans w ith  
t h i s  type o f  in s tru m en t w hile  s im u ltaneously  r e ta in in g  h igh
s e n s i t iv i ty #  More modem sp ec tro m ete rs  in c o rp o ra te  au tom atic 
g a in  c o n tro l system s which improve o s c i l l a t o r  s t a b i l i t y  and 
th e re fo re  s im p lify  th e  p ro cess  o f  se a rc h in g  fo r  resonances 
in  new compounds# A c h a r a c te r i s t i c  o f th e  su p e r-re g e n e ra tiv e  
o s c i l l a t o r  i s  th a t  th e  p e r io d ic  quenching o f  th e  r#f# c a r r i e r  
le a d s  to  th e  p resence o f  s tro n g  sidebands a t  in te g r a l  m u ltip le s  
o f  th e  quench frequency  in  th e  o s c i l l a to r * s  frequency  spectrum . 
S ig n a ls  a re  d e te c te d  by u s in g  low frequency m odulation te c h n iq u e s . 
The reco rded  n . q . r .  s ig n a l th u s  c o n s is ts  o f  a  fam ily  o f  l in e s  
whose s e p a ra tio n  i s  equal to  th e  quench frequency , and sometimes 
t h i s  makes i t  d i f f i c u l t  to  a s s ig n  th e  c o r re c t  resonance frequency . 
T h is problem can be overcome by m odulating  th e  quench frequency 
a t  a  r a t e  which i s  f a s t  compared to  th e  re c o rd in g  tim e c o n s ta n t ,  
bu t slow compared to  th e  sp ec tro m e te r’ s d e te c tio n  frequency .
In  th e se  c ircum stances th e  fre q u e n c ie s  o f  th e  sidebands vary  
co n tin u o u sly  and th ey  a re  no lo n g e r d e te c te d . The Lecoa Radar 
n . q . r .  spec trom ete r used in  t h i s  work i s  o f  th e  su p e r-re g e n e ra tiv e  
type and has f a c i l i t i e s  f o r  su p p re ss in g  sidebands in  t h i s  way.
M arginal and su p e r-re g e n e ra tiv e  o s c i l l a t o r s  can both  be 
o p e ra ted  w ith  e i t h e r  frequency m odulation o r  Zeeman m odulation .
The use o f  frequency m odulation however c a r r i e s  th e  r i s k  th a t  
p ie z o e le c t r ic  e f f e c t s  may g ive  r i s e  to  reso n an ces , so th a t  f o r  
i n i t i a l  sea rch es  in  new compounds, Zeeman m odulation  i s  p re fe r re d .
N uclear quadrupole resonance can a lso  be d e te c te d  by pu lse  
te c h n iq u e s , in  which case n o t on ly  th e  n . q . r .  f re q u e n c ie s  bu t
*
a lso  th e  s p in - l a t t i c e  and sp in -s p in  r e la x a t io n  tim es , T^  and T^ » 
can be m easured. Such s tu d ie s  can p o te n t ia l ly  y ie ld  a  g re a t 
d ea l o f  in fo rm atio n  about r e la x a t io n  phenomena and hence m olecu lar
motion in  so lid s*
1*9 A lte rn a tiv e  methods o f  m easuring quadrupole coup ling  
c o n s ta n ts *
Although pure nuclear quadrupole resonance spectroscopy 
i s  the most widely applicable technique by which quadrupole 
coupling constants can be measured, there are several other 
methods by which quadrupole coupling constants can be evaluated, 
and these are b r ie f ly  discussed here. We have already indicated  
th a t such data i s  availab le  fo r some atoms and molecules in  the 
gas phase; fo r atoms th is  data can be obtained both by carefu l 
analysis  of atomic emission spectra and by atomic beam resonance 
methods* Molecules can be studied in  the vapour phase by 
molecular beam resonance techniques, but the most widely used 
method of measuring coupling constants fo r gaseous molecules i s  
pure ro ta tio n a l microwave spectroscopy* All these techniques 
can y ie ld  the sign of eqQ, as well as i t s  magnitude, in  con trast 
to quadrupole resonance which only allows us to measure |eqQ|.
I t  i s  the so lid  s ta te  however to  which most quadrupole 
coupling constant data refers*  We have already discussed the 
use of Zeeman-n.q.r. experiments where the magnetic f ie ld  i s  a 
small pertu rbation  on the quadrupolar energy lev e ls ; the 
converse s itu a tio n , in  which the quadrupolar in te ra c tio n  ac ts  
as a pertu rbation  on the nuclear magnetic resonance spectrum 
can be read ily  v isu a lised , and allows us to ex trac t values of 
quadrupole coupling constants from n.m.r* experiments in  su itab le  
so lid s . N aturally  in  order to perform such an experiment a t  
moderate magnetic f ie ld s  the quadrupolar in te rac tio n  must be 
re la t iv e ly  small, so th a t th is  technique i s  not su itab le  fo r
c h lo rin e  -  35 excep t in  io n ic  c h lo r id e s )  i t  i s  however a  good 
method fo r  n u c le i  w ith  sm all quadrupole moments, such a s  deuterium .
I f  th e  quadrupolar n uc leus  o f  i n t e r e s t  i s  co n ta in ed  in  a  
param agnetic m olecule th e  pure n . q . r .  l i n e s  a re  o f te n  too  broad 
to  be e a s i ly  d e te c ta b le ;  in  such a  case i t  may be p o ss ib le  to  
e x t r a c t  th e  quadrupolar in te r a c t io n  from th e  e le c tro n  param agnetic 
resonance spectrum , p a r t i c u la r ly  fo r  complexes o f  t r a n s i t io n  
e lem en ts. The phenomena o f param agnetic resonance w il l  be 
t r e a te d  a t  le n g th  in  a l a t e r  p a r t  o f  t h i s  th e s i s .
The o th e r  im portan t method o f  m easuring quadrupole co u p lin g
ft
c o n s ta n ts , namely M ossbauer spec tro sco p y , i s  unique in  th a t  i t  
can be used to  in v e s t ig a te  n u c le i  which do no t p o sse ss  auadrupole 
moments in  t h e i r  ground s t a t e s .  T h is  comes about because th e
ft
Mossbauer e f f e c t  i s  concerned w ith  th e  re so n an t a b so rp tio n  o f
a  y  ra y  by a  n u c leu s , c a u s in g  th e  n ucleus  to  jump to  an e x c ite d
s ta t e  whose n u c le a r  sp in  quantum number I  d i f f e r s  from th a t  of
th e  ground s t a t e .  The method th u s  a llo w s th e  measurement o f  th e
d if fe re n c e  in  th e  quadrupole coup ling  c o n s ta n ts  in  th e  ground and
f i r s t  e x c ite d  s t a t e s .  I t  i s  con fined  to  n u c le i  in  which th e
f i r s t  e x c ite d  s t a t e  i s  r e l a t i v e ly  low ly in g , and i e  most u s e fu l 
57 119f o r  Fe and Sn? in  each o f  th e se  n u c le i  th e  quadrupole 
moment i s  zero  in  th e  ground s t a t e ,  so th e  techn ique  m easures th e  
quadrupole co u p lin g  c o n s ta n t in  th e  e x c ite d  s ta t e  in  th e se  n u c le i .
n
Since th e  quadrupolar s p l i t t i n g  o f M ossbauer s p e c tra  i s  com parable 
to  th e  n a tu ra l  lin e w id th , th e  accuracy  w ith  which th e  quadrupole 
co u p lin g  c o n s ta n t can be measured i s  much low er th a n  fo r  th e  
o th e r  m agnetic resonance tech n iq u es  m entioned above.
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C H A P T E R  I I
THE USE OF CHLORINE -  35 NUCLEAR (3JADRUP0LE RESONANCE SPECTROSCOPY 
FOR STRUCTURAL ASSIGNMENTS IN CHLOROCYCLOTRIPHOSPHAZATRIENES ; 
CHLORINE H.Q.R. SPECTRA OF SOME ACYCLIC PHOSPHORYL AND PHOSPHINE 
COMPLEXES
2.1 In tro d u c tio n
A number o f  s tu d ie s   ^ ~  ^  o f  th e  ^ C 1  n u c le a r  quadrupole 
resonance s p e c tra  o f compounds c o n ta in in g  P-Cl bonds have been 
c a r r ie d  ou t ; in  th e  m a jo rity  o f  th e se  canes th e  c h lo r in e  i s  
bonded to  a  te t r a h e d r a l ly  co -o rd in a te d  phosphorus atom in  a  
phosphory l, th iophospho ry l o r  phosphazene system . The l a t t e r  
c la s s  o f compounds a re  o f p a r t i c u la r  i n t e r e s t  because th e  s t ru c tu re s  
a re  such th a t  (d—p) 1T bonding may be p re se n t between phosphorus 
and n it ro g e n } and because th e re  a re  many c h lo r in e -c o n ta in in g
d e r iv a t iv e s  which a re  s u i ta b le  f o r  s tu d y  by n . q . r .  sp ec tro sco p y .
35Thus Cl n u c le a r  quadrupole resonance s tu d ie s  have been re p o rte d
5 6on se v e ra l chlorocyclophosphazenes in c lu d in g  th e  tr im e r  * ,
5 7 8P^ C l^f th e  te tra m e r  9 f P^ C lg, and th e  pentam er ,
W5 P5 C l10. More r e c e n t ly  an a ttem p t has been made to  compare
th e  r e s u l t s  f o r  th e se  sp e c ie s  w ith  d a ta  o b ta in ed  from s p e c tr a  o f
9
some s u b s t i tu te d  tn m e r ic  d e r iv a t iv e s ,  '  and i t  has been found
35th a t  a  l i n e a r  r e la t io n s h ip  e x is t s  between th e  Cl n . q . r .  
f re q u e n c ie s  and th e  a s s o c ia te d  P -  Cl bond le n g th s  in  th e se  
ch lo rocyclophosphazenes.
The p re s e n t work in c o rp o ra te s  a  sy s tem a tic  in v e s t ig a t io n  o f
35th e  •'Cl n u c le a r  quadrupole resonance s p e c tra  o f a  s e r ie s  o f 
s u b s t i tu te d  o h lo ro c y c lo tr ip h o sp h a z a tr ie n e s , th e  purpose o f  which 
i s  to  determ ine w hether n . q . r .  sp ec tro sco p y  can be ro u t in e ly
used  as  an a id  to  s t r u c tu r a l  assignm ent in  th e se  d e r iv a t iv e s  
o r  w hether i t s  u s e fu ln e s s  i s  l im ite d  by s e n s i t i v i t y  problems 
o r  by th e  p resence  o f c r y s ta l—pack ing  e f fe c ts *  Before 
p roceed ing  to  d is c u s s  th e  r e s u l t s  o f  t h i s  s tu d y , we pause 
b r i e f l y  to  co n s id e r some f a c e ts  o f  th e  r e l a t i v e l y  unusual 
bonding arrangem ent b e lie v e d  to  be p re s e n t in  th e se  compounds*
2 .2  S tru c tu re  and bonding in  phosphazenes
Perhaps th e  most s t r ik in g  f e a tu r e s  o f  th e  phosphazenes a re
f i r s t  th e  h igh  therm al s t a b i l i t y  o f bo th  l i n e a r  and c y c l ic
d e r iv a t iv e s ,  and second, th e  f a c t  th a t  phosphorus—n itro g e n  bond
d is ta n c e s  in  th e se  compounds a re  s h o r te r  th a n  expected  f o r  pu re
co v a len t cr bonds* In  f a c t  th e  phosphorus—n itro g e n  s k e l e t a l
bond d is ta n c e s  in  cyclo  — o r  polyphosphazenes f a l l  i n  th e  range 
,  o
1*47 ^  d 1.62 A , compared to  th e  s o -c a lle d  F—N s in g le
o
bond le n g th  o f 1*77 A , as  d e riv e d  from x—ra y  s tu d ie s  o f sodium 
10 11phosphoram idate, 9 and th e  s t r u c tu r a l  d a ta  f o r  th e  c y c l ic  
phosphazenes re v e a ls  th a t  bond le n g th s  a re  g e n e ra lly  equal around 
th e  r in g ,  u n le s s  th e re  i s  an  un sy n m etrica l arrangem ent o f  ligands*  
S k e le ta l  bond an g les  a t  phosphorus approxim ate to  120° w hile  in  
th e  c y c l ic  sp e c ie s , r in g  an g les  a t  n itro g e n  a re  c lo se  to  120° 
f o r  tr im e rs  and a re  la rg e r  th a n  t h i s  in  la rg e r  rin g s*  These 
f a c t s  in d ic a te  th a t  th e  p h o sp h o ru s-n itro g en  bond in  mono— , cyclo— 
o r  polyphosphazenes d i f f e r s  from a  normal co v a len t cr bond, y e t 
th e  o v e ra l l  s i tu a t io n  does no t resem ble th e  f a m i l ia r  cr — f r  
bonding o f o rg an ic  ch em istry , s in c e  s p e c tr a l  e f f e c t s  norm ally  
a s s o c ia te d  w ith  o rg an ic  TT —e le c tro n  system s, such as  th e  
bathochrom ic u l t r a v i o l e t  s h i f t s  which accompany in c re a sed  
d e lo c a l iz a t io n ,  a re  ab sen t in  th e  phosphazenes*
In  o rd e r  to  d e r iv e  a  bonding scheme capab le  o f  r a t i o n a l i s in g
th e  f a c t s  no ted  above, we ta k e  a s  our s t a r t i n g  p o in t th e  
s te re o c h e m is try  common to  l i n e a r  and c y c l ic  sp e c ie s  in  which 
te tr a c o o rd in a te  phosphorus i s  lin k e d  to  d ic o o rd in a te  n itrogen*
I t  i s  assumed th a t  th e  atom ic o r b i t a l s  can be se p a ra te d  in to  
non—in te r a c t in g  s e ts  *o th a t  th e  TT o r b i t a l s  can be t r e a te d  
s e p a ra te ly  from th e  or o rb i ta ls *  The xr bond framework can
now be r e a d i ly  c o n s tru c te d  on th e  b a s is  o f th e  s te re o c h e m is try
2m entioned above ; in  a  c y c l ic  compound two 2sp h y b rid s  a t
each n itro g e n  and two 3 sp^ h y b rid s  a t  each phosphorus a re  used
3
to  d e f in e  cr bonding around th e  ring*  The two rem ain ing  sp
h y b rid  o r b i t a l s  a t  each phosphorus a re  o f  cou rse  used  to  form
bonds to  th e  " lig a n d s"*  Some d i s to r t io n  o f  th e  sp^ " te tra h e d ro n "
i s  re q u ire d  a t  phosphorus in  o rd e r  to  adap t to  th e  normal r in g
ang le  o f  120°* The th i r d  t r ig o n a l  h y b rid  o r b i t a l  a t  n itro g e n
i s  d ir e c te d  r a d i a l l y  and c o n ta in s  a  lo n e  p a i r  o f e le c tro n s  w hile
th e  rem ain ing  v a len ce  e le c tro n  a t  n itro g e n  i s  co n ta in ed  in  th e
P o r b i t a l  a t  r ig h t  an g les  to  th e  r in g  plane* z
To ex p la in  th e  bond sh o rte n in g  a llu d e d  to  above i t  i s  now 
n ece ssa ry  to  in c lu d e  some form  o f 1T in te ra c t io n *  Such an 
in te r a c t io n  could ta k e  p la c e  between th e  e le c tro n s  in  th e  n it ro g e n  
2pz o r b i t a l 8 and empty phosphorus 4?z  o r b i t a l s ,  i f  th e  lig a n d s  
a tta c h e d  to  phosphorus a re  s u f f i c i e n t ly  e le c tro n e g a tiv e  to  cause 
some c o n tra c tio n  o f  o r b i t a l s  a t  phosphorus* T his (p — p) TT 
bonding model r a t i o n a l i s e s  a  number o f  th e  s p e c ia l f e a tu r e s  o f 
phosphazene system s, in c lu d in g  th e  f a c t  th a t  P -  N bond s tre n g th s  
in c re a se  w ith  lig a n d  e le c t r o n e g a t iv i ty  ; d e fe c ts  o f  t h i s  scheme 
a re  th a t  i t  cannot e x p la in  why r in g  puckering  does n o t seem to  
a f f e c t  s t a b i l i t y ,  nor why th e  b a r r i e r  to  to r s io n  o f  a  phosphorus-
12nitrogen bond in  a lin e a r  phosphazene is  low*
In an attempt to  overoome these defects the above p ic tu re  
i s  o ften  modified by introducing the p o s s ib il i ty  of phosphorus
O  4 A 4C
d -o rb ita l p a rtic ip a tio n  in  the 1T -  bonding* * 1 ^  Unfortunately
there are as many arguments against d -o rb ita l contributions to 
bonding in  phosphorus compounds as there are in  favour, ^  but 
in  sp ite  of th is  the concept of (d-p)1T bonding in  phosphazenes 
provides the most sa tis fa c to ry  working hypothesis fo r ra tio n a lis in g  
the s tru c tu re  and chemistry of these compounds* To build  up the 
bonding scheme including d -o rb ita l involvement the ^  bond frame­
work i s  f i r s t  constructed as above ; i f  bonding i s  assumed to  take 
place in  the following two ways*
F ir s t ly ,  Tr bonds can be formed between phosphorus and n itrogen 
by promotion of the remaining valence e lectron  a t phosphorus to  the
3d lev e l, to occupy e ith e r  the 3dxz or 3 d ^  o rb ita l*  Theoretical 
17calcu la tions suggest th a t the 3d o rb ita l  i s  contracted from i t sxz
normal d iffu se  s ta te  in  the fre e  atom by the e le c tro s ta tic  f ie ld  of
the ligands, while the 3d^z o rb ita l  remains f a i r ly  d iffu se  in  the
coupler, so th a t i t  is  o ften  assumed th a t the 3d o rb ita l  i s  morexz
read ily  availab le  fo r  bonding in te ra c tio n s  than the 3d o rb ita l*yz
A consequence of th is  approach i s  th a t the TT system formed, by
in te ra c tio n  of th is  phosphorus 3diz  o rb ita l  with a n itrogen 2pz
18o rb ita l i s  heteromorphic and cy c lic a lly  delocalized* Other
authors have argued th a t the 3dxz and 3d^z o rb ita ls  should p a r tic ip a te  
. 14equally m  the TT bond with the re s u l t  th a t d e lo ca lisa tio n  is  
le ss  extensive* The bonding system which re su lts  from in te ra c tio n  
of the n itrogen 2pz orbited  with the 3d^z or with a l in e a r  combination 
of the 3dxz and 3d^z o rb ita ls  a t  phosphorus i s  antisymmetric with 
respect to re f le c tio n  in  the mobecular plane and i s  re fe rred  to  simply
54 *
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*  p ~ + j —»y __
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( a ) (e)
F igure  2,1
O verlap schemes fo r  TT -bonding of
(a) d and (b) d w ith  p ; (c )  IT* -  bondingxz yz z
o f d a a and (d ) d w ith  an spv h y b rid  ;
x -  y xy
(e )  IT -  bonding o f  d 9 w ith  a lig a n d  p - o r b i t a l .
th e  " Tr -  system ". The o r b i t a l  o v e rla p s  invo lved  a re
i l l u s t r a t e d  in  F igure  2.1 ,
The second in te r a c t io n  which can g ive r i s e  to  1Y -  bonding 
occurs e s s e n t i a l ly  in  th e  r in g  p lane ; i t  in v o lv es  th e  donation
p
o f  th e  lone p a i r  o f  e le c tro n s  in  th e  r a d ia l  n i tro g e n  2sp o r b i t a l  
in to  an empty 3d o r  3d o _v 2 o r b i t a l  a t  phosphorus. The 
r e s u l t in g  " fr ' -  system " i s  symmetric w ith  re s p e c t  to  r e f l e c t i o n
in  th e  m o lecu la r p la n e . Again th e  o r b i t a l s  which in t e r a c t  to
/
form th e  " 1Y -  system " a re  shown in  F igure  2 .1 .
The p h y s ic a l and chem ical d a ta  a v a i la b le  f o r  th e se  complexes 
can be r a t io n a l i s e d  in  term s o f  t h i s  f a i r l y  complex bonding scheme, 
and th e  c h lo r in e  n u c le a r  quadrupole resonance sp e c tra  o f  some o f 
th e se  complexes a re  d iscu ssed  below.
2 .3  C hlorine -  35 n u c le a r  quadrupole resonance s p e c tra  o f 
s u b s t i tu te d  c h lo ro c y c lo tr ip h o sp h a z a tr ie n e s
C hlo rine  *> 35 n u c le a r  quadrupole resonance s p e c tra  o f a  s e r ie s
o f s u b s t i tu te d  c h lo ro c y c lo tr ip h o sp h a z a tr ie n e s  have been in v e s t ig a te d
in  o rd e r  to  a s s e s s  th e  u se fu ln e s s  o f  t h i s  techn ique  in  o b ta in in g
s t r u c tu r a l  in fo rm atio n  on th e se  d e r iv a t iv e s ,  and th e  r e s u l t s  o b ta in ed
a re  p re sen te d  in  Table 2.1 , to g e th e r  w ith  p rev io u s ly  re p o r te d  d a ta
5 6* f o r  N^P^Cl^ which i s  in c lu d ed  f o r  com parison. In  some c a se s  
th e  observed  s ig n a ls  were weak, and s p e c tra  were no t always 
observab le  a t  bo th  7JK and 293K. S t r i c t l y  speak ing  when com parisons 
a re  to  be made between se v e ra l compounds, th e  quadrupole co u p lin g  
c o n s ta n ts  a re  th e  q u a n t i t i e s  which should  be co n sid ered  $ however
19
Lucken has shown th a t  th e  asymmetry param eter in  N^P^Clg i s  l e s s  
th an  0 . 0 2 , so th a t  f o r  th e se  compounds |eqQ /h| i s  e f f e c t iv e ly  equal 
to  tw ice th e  observed frequency . I t  i s  th u s  s im p ler to  make
35com parisons between th e  observed Cl n*q*r* f re q u e n c ie s , b ea rin g  
in  mind however th a t  th e se  a re  to  be regarded  as r e p re s e n ta t iv e  
o f  th e  quadrupole coup ling  c o n s ta n ts  in  th e  m olecules considered*
The s p e c tr a  observed f o r  th e  monoamino—d e r iv a t iv e s  
N^P^Cl^HMe2 and N^P^CI^NC^H^q show s ig n a ls  in  two d i s t i n c t  reg ions*  
Those a t  h ig h e r  frequency  f a l l  in  th e  range 26*8 4  V 4  28*6 M*Hz*
and by com parison w ith  th e  d a ta  f o r  N^P^Clg th e se  s ig n a ls  must be
  a
a s s o c ia te d  w ith  th e  =  PCl^ groups* y The low er frequency  s ig n a ls ,  
f a l l i n g  w ith in  th e  range 24*3 4  V 25*0 M.Hz. a re  th u s
a s s o c ia te d  w ith  th e  = P C 1 groups* The l a t t e r  sp e c ie s  a re
expected to  have lo n g e r F-Cl bonds th a n  th e  =PC12 g roup ings,
20s in c e  th e  c r y s ta l  s t r u c tu r e s  o f  th e  gem inal and th e  c i s  non—
21geminal isom ers o f N ^ P ^ C l^ lO ^ )^  show th a t  F-Cl bond le n g th s
o
in  =PC1 HMe  ^ groups a re  approx im ate ly  2.05A compared to  th e
• __
u su a l le n g th  o f  2*004 in  a  = P C 1 2 group* Thus th e  r e s u l t s  f o r
9
th e  monoamino d e r iv a t iv e s  confirm  th e  tre n d  noted  by o th e r  w orkers
35th a t  th e  low er Cl n*q*r* fre q u e n c ie s  in  th e  oyclophosphazenes 
a re  a s s o c ia te d  w ith  th e  lo n g e r F-^31 bonds* We have a lre a d y  seen
in  th e  p rev io u s  c h a p te r  th a t  th e  p resence  o f 1T — bonding to
35c h lo r in e  i s  expected  to  le a d  to  a  f a l l  in  th e  Cl n*q*r* frequency  
s in c e  th e  low est f re q u e n c ie s  in  th e  phosphazenes a re  found 
a s s o c ia te d  w ith  th e  lo n g e s t F-Cl bonds i t  fo llo w s th a t  TT* bonding
between phosphorus and c h lo r in e  must be r e l a t i v e ly  sm all in  th e se
35m olecules* In  th e s e  compounds a  d ec re a se  in  th e  ^C1 n . q . r .  
frequency  and an a s s o c ia te d  in c re a se  in  F-Cl bond le n g th  can th u s  
bo th  be a sc r ib e d  to  an  in c re a se  in  th e  degree  o f  io n ic  c h a ra c te r  in  
th e  P—Cl bond*
These d if fe re n c e s  between =  PC12 and =  PClflRg groups in d ic a te
37.
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t h a t  p o s i t io n a l  isom ers m ight r e a d i ly  be d is tin g u is h e d  by
quadrupole resonance , and t h i s  i s  found to  be th e  o a se . However,
i t  i s  n o t c le a r  which o f  th e  ^PC lg  s ig n a ls  f o r  th e  monoamine
d e r iv a t iv e s  a re  a s s ig n a b le  to  c h lo r in e  atoms in  a  c i s  — o r  t r a n s  —
r e la t io n s h ip  to  th e  amino group, and an  a b i l i t y  to  d is t in g u is h  th e se
s ig n a ls  i s  o b v io u sly  im portan t in  making s t r u c tu r a l  assignm ents to
geo m etrica l iso m ers . One argument which m ight be u sed  to  a s s ig n
th e se  ^PC lg s ig n a ls  d e r iv e s  from  s tu d ie s  o f  halogen  atom replacem ent
re a c t io n s  i n  oyclophosphazenes where th e  f a c t  th a t  amino l y s i s
r e a c t io n s  in v o lv in g  dim ethyl amine o r  p ip e r id in e  proceed  m ain ly  by
non-gem inal s u b s t i tu t io n  has been ex p la in ed  by assum ing th a t  a
22" c i s - e f f e c t "  i s  im portan t in  de te rm in in g  th e  r e a c t io n  p a th .
The id e a  u n d e rly in g  th e  " o is —e f f e c t "  i s  th a t  an e le c tro n  supp ly ing  
s u b s t i tu e n t ,  such a s  an  -  HMSg group, sa y  t r a n s f e r  e le c tro n  d e n s ity  
p r e f e r e n t i a l ly  to  a  c h lo r in e  atom which i s  o is  — to  th e  dim ethylam ino 
group . T his would have th e  e f f e c t  o f  making c h lo r in e  atoms c i s  — 
to  th e  dim ethylam ino group more l a b i l e ,  and f o r  an id e a l  S^2 
mechanism would le a d  to  m ain ly  non-gem inal t r a n s - s u b s t i tu t io n  
p a t te r n s  ; i n  te rm s o f  n . q . r .  f re q u e n c ie s  th e  " o ia - e f f e c t"  p r e d ic ts  
t h a t  c h lo r in e s  c i s  -  to  an -  l D ^  o r  -  HC^H^ group should  be more 
io n ic ,  and hence re s o n a te  a t  a  low er frequency , th a n  c h lo r in e s  t r a n s  — 
to  such a  s u b s t i tu e n t .  The d a ta  su a a a r ise d  in  Table 2.1 does n o t 
however suppo rt th e  g en e ra l occu rrence  o f  such a  " c i s - e f f e c t "  •
This d i f f i c u l t y  in  a s s ig n in g  = PClg s ig n a ls  i s  ex em p lified  by 
th e  b isdim ethylam ino d e r iv a t iv e s  shown o v e r le a f .  Thus th e  c i s — 
bisdim ethylam ino — d e r iv a t iv e  ( I )  may
be expeoted to  have two chem ica lly  d i s t i n c t  ty p es  o f  c h lo r in e  atom 
in  th e  =  PCl^ groupt whereas th e  tran s -b ia d im e th y la m in o -d e riv a tiv e  
should  have on ly  one* As expected  two ^PC lg  s ig n a ls  a re  
indeed observed f o r  th e  c i s —is o n e rs  coverin g  a  range o f 0*5 and 
0*2 MHz* f o r  dim ethylam ino- and p ip e r id in o -d e r iv a t iv e s  re sp e c tiv e ly *  
Only one ^PClg s ig n a l i s  found f o r  th e  tra n a p ip e r id in o — sp e c ie s  as 
a n t ic ip a te d  from i t s  s t r u c tu r e ,  b u t th e re  a re  two such s ig n a ls  f o r  
th e  trans-b isd im ethy lam ino— d e r iv a t iv e ,  presum ably because o f 
c r y s ta l  pack ing  e f f e c t s ;  however th e  s e p a ra t io n  o f  th e se  two s ig n a ls  
i s  o n ly  about h a l f  th a t  in  th e  o is - iso m e r, so th a t  th e  isom ers can be 
d is tin g u is h e d  by n*q*r* so long  as  bo th  s p e c tra  a re  a v a ila b le *  A 
p e c u l ia r i ty  o f th e  tra n s » b is p ip e r  id in o -d e r iv a t iv e  i s  t h a t  th e  
d if fe re n c e  between th e  mean ^PC l^ and =PC1R fre q u e n c ie s  i s  3*9 
MHz, bu t f o r  a l l  th e  o th s r  b is a n in o -  d e r iv a t iv e s  i t  l i e s  between 2*8 
and 3*1 MHz a t  293K* T his s t r u c tu r a l  f e a tu r e  may im ply th a t  s t e r i c  
in te r a c t io n s  a re  le a d in g  to  a  low ering  o f  symmetry h e re  and t h i s  i s
c o n s is te n t  w ith  th e  p resence  o f  an  u n u su a lly  la rg e  s p l i t t i n g  o f 
th e  hand co rrespond ing  to  th e  P * N s t r e tc h in g  v ib r a t io n  i n  th e  
in frs t- re d  spectrum  o f  t h i s  compound, bo th  in  th e  s o l id  s t a t e  and 
in  so lu tio n *
Although th e  problem o f a s s ig n in g  ^ P C l^  resonances to  c h lo rin e  
atoms c i s -  and t r a n s -  to  a  s u b s t i tu e n t  make i t  d i f f i c u l t  to  
d is t in g u is h  geom etrica l isom ers by means o f  n*q*r* sp ec tro sco p y  a t  
atm ospheric p re s s u re , i t  has been found t h a t ,  a t  l e a s t  in  c e r t a in  
c u e s ,  i t  i s  p o s s ib le  to  d is t in g u is h  g eo m etrica l isom ers by 
s tu d y in g  th e  e f f e c t s  o f  p re s s u re  changes on c h lo r in e  n u c le a r  quad— 
ru p o le  resonance freq u en c ies*  This to p ic  i s  d isc u sse d  in  d e t a i l  
in  C hapter IV*
Two o th e r  f e a tu r e s  o f  th e  s p e c tra  o f  th e  a m in o -d e riv a tiv e s  a re  
w orthy o f  mention* F i r s t  we n o te  t h a t ,  d e s p ite  th e  r e l a t i v e l y  
sm all amount o f  d a ta  a v a i la b le ,  i t  i s  c le a r  th a t  th e  =  PC1R 
fre q u e n c ie s  a re  c h a ra c te r is e d  by a  sm a lle r  tem p era tu re  dependence 
th an  th e  ^ P C l^  freq u en c ies*  The second p o in t i s  th a t  th e re  i s  
a  c le a r  tre n d  f o r  bo th  ^ P C lg  and = PC1R resonances to  move to  
low er fre q u e n c ie s  w ith  in c re a s in g  degree  o f  amino l y s i s ;  t h i s
im p lie s  th a t  th e  e le c t ro n - r e le a s in g  e f f e c t  o f  th e  am ino-groups i s  
no t lo c a l is e d  on th e  phosphorus atom to  which th e y  a re  bonded, bu t 
i s  t ra n s m itte d  around th e  r in g  framework e f f e c t in g  a l l  th e  c h lo r in e  
atoms to  some ex ten t*  T his i s  to  be expected  in  view o f  th e  f a o t  
th a t  both  o- and TT bonding occur around th e  r in g ,  and i s  c o n s is te n t  
w ith  th e  a b i l i t y  o f  one s u b s t i tu e n t  to  in f lu e n c e  th e  p o s i t io n  o f 
a t ta c k  o f a  second re a g e n t, a s  in  th e  " c is -e f f e c t* *
Data i s  also  reported in  Table 2*1 concerning the Cl n*q*r* 
spectra of two triphenylphosphazenyl cyclotriphosphazatrienes 
one analogous trim ethyl deriv a tiv e ; as before signals  are observed 
in  two d is t in c t  frequency regions* Resonances of ch lorine atoms in
^PC lg  groups occur w ithin the range 26*2 V <£= 27*3 M.Hz., 
th a t i s  s lig h tly  lower in  frequency than the corresponding 
signals in  phosphazenes with amino su b stitu en ts , while resonance 
frequencies fo r  PCl(5«PPh^) and PCl(K«FMe^) groups f a l l  in  the 
range 23*9 ^  ^  ^  25*2 M.Hz* The s lig h t lowering of 35C1 n .q .r*  
frequencies on going from amino -  to phosphazenyl su b stitu en ts  
probably r e f le c ts  the g rea te r e lectron  donating a b i l i ty  of the 
two-coordinate n itrogen atom in  the phosphazenyl substituents*
Table 2*1 also  shows the re s u l ts  of some stud ies  of the  
quadrupole resonance speotra of some phenyl su b stitu ted  cyclo— 
triphosphazatrienes* The geminal phenyl deriva tives
(n -  2 and 4) have been shown ^ to give ^  Cl n*q*r* signals  
in  the range 26*3 ^  V ^  28*3 M.Hz. a t 77K* Although the non- 
geminal c is  -  and tra n s -  triphenyl derivatives H^P^Cl^Ph^ gave 
no signals a t  th is  temperature, the re su lts  obtained a t 293K 
c lea rly  show th a t =PClg and =PClPh groups have c h a ra c te r is tic  
frequency ranges, with the  l a t t e r  group covering 23*8 4= V ^
24*8MHz* The resonance frequencies observed fo r trans-M^P^Cl^Ph^ 
are spread over a wider range (1 M*Hz*) than those fo r  c i s -  H^P^Cl^Ph^ 
(0*6 M*Hz*) as expected from the ohemioal inequivalence of the 
chlorine atoms in  the  former* The range observed fo r  the ois-isom er 
may be extended by the  presence of more than one molecule in  the 
asyssietric u n it , as is  suggested by the fa c t  th a t f iv e  signals  are 
observed fo r  th is  molecule* The presence of a benzene molecule 
w ithin the c ry sta l l a t t i c e  has l i t t l e  e ffec t on the frequency range 
observed fo r  the ci»-isomer* There i s  however an increase in  the 
number of signals  observed when the c la th ra te  complex i s  cooled 
from room temperature to 7 J K t  implying e ith e r  the occurrence of a 
phase change between these teaperatures or simply a freez ing  out of
v ib r a t io n a l  n o tio n  o f  th e  g u es t benzene M olecules w ith in  th e  
l a t t i c e *
Since the Cl resonance frequencies fo r  compounds of 
re la ted  s tru c tu re  containing — HMe2, — Fhy — N ■ PPh^ o r — H ■ PMe^
groups f a l l  in to  s im ilar frequency ranges, i t  i s  reasonable
9to  assume th a t the P -  Cl bonds are  of a s im ila r length* This 
contention i s  consisten t with the observation th a t the P — Cl bond 
lengths are equal w ithin experimental e rro r in  the nongeminal 
(2,4*6,8 : 2 ,4)6 ,8  s tru c tu re s)  tetram eric derivatives H^P^Cl^R^ 
where R -  Ph 23 and HMSg24.
The r e s u l t s  o b ta in ed  f o r  th e  o y o lo tr ip h o sp h a z a tr ie n e s  can  
be b r i e f l y  susm arised  in  th a t  c h lo r in e  -  35 n*q*r* fre q u e n c ie s  
c h a r a c te r i s t i c  o f  =  PC12, ^PClHRg, = PC lPh  and =PC1 (H -  PR^) 
groups occur in  th e  ranges 26 — 29 , 22 -  25 , 23 — 25 and 23*5 —
25*3 M.Hz* r e s p e c t iv e ly  a t  bo th  77K and 293K* The o h a ra o te r is t io  
frequency  ranges o f th e  l a s t  th re e  fu n c tio n a l groups o v e rlap  so 
th e se  groups cannot be d is tin g u is h e d  by t h i s  technique*  I t  i s  
p o s s ib le  to  d is t in g u is h  c i s -  and t r a n s — isom ers by o h lo r in e  — 35 
n . q . r .  spec tro soopy , by com parison o f  th e  range o f  fre q u e n c ie s  
observed , bu t in  g en e ra l t h i s  i s  on ly  p o s s ib le  when r e s u l t s  f o r  
both  isom ers a re  a v a ila b le *  I t  tu rn s  o u t t h a t ,  a s  d iscu ssed  
l a t e r  in  C hapter IV, & s tu d y  o f th e  o h lo r in e  — 35 n*q*r* spectrum  
as  a  fu n c tio n  o f  a p p lie d  h y d ro s ta t ic  p re s su re  can , a t  l e a s t  in  
some c a se s , make i t  p o s s ib le  to  a s s ig n  =  PC12 resonances to  
c h lo r in e s  c i s -  and t r a n s -  to  an smlno s u b s t i tu e n t ,  and so p o te n t ia l ly  
p ro v id es  a  sim ple method o f  d is t in g u is h in g  g eo m etrica l isom ers 
i n  cyclo triphosphazenes*
2*4 A oyclic phosphoryl and phosphine oonplexes
In  a d d it io n  to  th e  cyclophosphazenee d iscu ssed  above, th e  
n u c le a r  quadrupole resonance s p e c tr a  o f  a  s n a i l  number o f a c y c lic  
compounds c o n ta in in g  P -  Cl bonds have a ls o  been in v e s t ig a te d ;  
th e  r e s u l t s  o f  th e se  s tu d ie s  a re  re p o r te d  in  t h i s  sec tio n *  The 
d a ta  o b ta in ed  f o r  th re e  o f  th e se  compounds i s  ta b u la te d  in  Table 
2*2 , to g e th e r  w ith  d a ta  f o r  s im ila r  sp e c ie s  re p o r te d  by o th e r  
workers* In  g en era l we f in d  th a t  th e  r e s u l t s  can be f a i r l y  sim ply 
r a t io n a l i s e d  in  term s o f  th e  amount o f  e le c tro n  d o n a tio n  o r  w ith ­
draw al expected  from th e  s u b s t i tu e n ts  p re s e n t ,  so t h a t ,  a s  p re v io u s ly  
no ted  f o r  th e  oyolophosphazenes, p h o sp h o ru s-ch lo rin e  Tr -bond ing  
may be assumed to  be absent*
The fre q u e n c ie s  found f o r  th e  tr ip h e n y l phosphazenyl -  
phosphoryl o h lo r id e , Fh^P -  F — P(0) & 2 show th a t ,  a s  we have
noted  in  th e  oyclophosjriiazenes, th e re  i s  ag a in  a  marked f a l l  in  th e
35Cl n*q*r* frequency  on re p la c in g  one o h lo r in e  atom by an e le c tro n  
relearn ing  phosphazenyl re s id u e*  This compound has o f  course  an  
extended TT —system , so t h a t  th e  F-N " s in g le 19 bond w il l  have some 
m u ltip le  bond ch a ra c te r*  The f a l l  in  frequency  on going from  
P(0)C1^ to  Ph^P ■ F -  P(0)C12 i s  o f  th e  o rd e r  o f  3 M.Hz* once we 
have allow ed f o r  th e  d i f f e r e n t  tem p era tu res  used  in  making th e  
measurements* This ooapares w ith  a  drop in  frequency  o f  about
2*5 M*Hz* on re p la c in g  one c h lo r in e  in  P(0)C1^ by a  dim ethylam ino —
25group, and confirm s th e  g r e a te r  e le o tro n  donor a b i l i t y  o f  th e  
phosphazenyl group th a n  th e  d im ethyl -  amino group, which we no ted  
e a r l ie r*
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Table 2 .2
35^C1 n . q . r .  d a ta  f o r  a c y c lic  phosphoryl and phosphine 
coopoonds c o n ta in in g  P -  Cl bonds*
35Compound Cl n*q*r* Tem perature
frequency  (N*Hz*) ( k )
Phophorus V d e r iv a t iv e s
P(0)C13 28*938, 28*986 77
Fh3P*B-P(0)Cl2 25.088, 25.463 293
f c i9P(0)l9 CH. 26.755, 26.771 293
* 26*997, 27.008
Phosphorus I I I  d e r iv a t iv e s
PC13 2 6 .1 0 7 , 26 .202  77
PC12 (BMe2) 23 .135 , 24.450 ( Ot phase) 77
23.692, 23.892
24 . 098 , 24.314 ( £  phase)
PCI (MMe2 ) 2 18.508 77
( C l^ J g  H Ba* 24.428, 24.851 293
25.123, 25.136
a  This work
R eference
2
a
a
30
25
25
a
46*
As expected , th e  n*q*r* f re q u e n c ie s  o f  JClgPfO) J ^ a re  
in te rm e d ia te  between th o se  o f P(0)C1^ and Ph^P ■» H -  PCoJClg* The 
s t r u c tu r e  o f  [ c i^ P ^ )  J  ^ s t a t e  ^  i s  unusual in  th a t
th e  m olecules a re  lin k e d  to g e th e r  th rough ^  C—H — — — — 0 =• P ^  
hydrogen bonds in to  i n f i n i t e  cha in s  i n  th e  Z -slirec tion*  The P-Cl 
bonds a re  no t v e ry  d i f f e r e n t  in  c h a ra c te r  from th o se  in  P (o)C l^ , 
as shown by th e  f a i r l y  s im ila r  F-Cl bond le n g th s  (1*994 and 1*997
A in  [ c i^ P ^ jJ  ^ CHg compared w ith  e i th e r  1*9^9 o r  1*993 X in  P(0)C1^
27 28as measured by microwave spectro scopy  ' and e le c tro n  d i f f r a c t io n
re s p e c t iv e ly )  and by th e  s im i la r i ty  o f  th e  3^C1 n*q*r* fre q u e n c ie s
a f t e r  a llo w in g  f o r  th e  tem pera tu re  d if fe re n c e  o f th e  measurements*
S ince th e  P -  Cl bond le n g th  ^  in  Ph^P-IW ^OjClg i s  2*025(1 )Af
i t  fo llo w s th a t  th e re  i s  an approxim ate r e la t io n s h ip  between P — Cl
35bond le n g th  and Cl n*q*r* frequency  f o r  th e se  phosphoryl compounds,
which i s  in  th e  same sense as th e  l i n e a r  r e la t io n s h ip  found in  th e
9chlorocyclopho sphaz ene s •
The 3^C1 n*q*r. spectrum  o f th e  phosphorus ( I I I )  complex
(C l^ )^  HBu^ i s  a lso  re p o r te d  in  Table 2*2* Very much l e s s  n*q*r*
d a ta  i s  a v a i la b le  f o r  phosphorus ( i l l )  h a l id e s  th an  f o r  th e  phosphazene
35and phosphoryl systems* Thus -'Cl n u c le a r  quadrupole resonance s p e c tra  
have been reco rd ed  on ly  f o r  PCl^ i t s e l f , 3** th e  f lu o r in e  3  ^ d e r iv a t iv e s
I T C i ^  (n  -  1, 2 ) and f o r  C ^PC lg ( c ^ J P C l g  3 3 ,3 4  and
32 * 25PhPCl2 a s  w ell as  f o r  two chlorophosphinoannines; d a ta  f o r  some
o f th e se  i s  in c lu d ed  in  Table 2*2 f o r  com parison p u rp o ses .
Once ag a in  we f in d  th a t  th e  e f f e c t  o f  re p la c in g  c h lo r in e  by
amino s u b s t i tu e n ts  i s  to  a llow  th e  rem ain ing  c h lo r in e  atoms in  th e
m olecule to  p u l l  more e le c tro n  d e n s ity  to  them selves, r e s u l t in g  in  a
f a l l  in  th e  observed frequency* The f re q u e n c ie s  found f o r
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(C lg P ^  IT Bu* a re  i n  c lo se  agreem ent w ith  th e  v a lu e s  which would 
he p re d ic te d  from  th e  d a ta  on o th e r  amino— d e r iv a t iv e s  quoted in  
Table 2*2 s in c e  an  -  H(Bu*)P& 2  s u b s t i tu e n t  would be expected  to  
donate  r a th e r  l e s s  e le c tro n  d e n s ity  th a n  a  dim ethylam ino re s id u e , 
r e s u l t in g  in  a  s l i g h t ly  h ig h e r  resonance freq u en cy  i n  (C lgPjg NBu* 
th an  in  PCl^CHMeg).
The s e r ie s  o f  mixed o h lo ro f lu o r id e s , (n  -  1, 2 ) do
n o t fo llo w  th e se  sim ple e le c t ro n e g a t iv i ty  tren d s*  T his i s  n o t 
s u rp r is in g  s in c e  f lu o r in e  i s  so s tro n g ly  e le c tro n e g a tiv e  t h a t  i t s  
p resence  i s  l i k e ly  to  cause some change in  th e  h y b r id is a t io n  a t  
phosphorus, and may even a llow  c h lo r in e  to  engage in  TT- bonding 
to  phosphorus, so th a t  th e  bonding p a t te r n  in  th e se  mixed h a l id e s  
must be m arkedly d i f f e r e n t  from th a t  in  th e  a m in o -su b s titu te d  
compounds PCl^ClOfe^) and (C lgPjg H B u\
One o th e r  compound h as  been s tu d ie d  i n  th e  p re se n t work, 
namely Cl^PCo) — N(Me)-PCl2 whose n*q*r* fre q u e n c ie s  should  be 
in  l i n e  w ith  th e  d a ta  o b ta in ed  above f o r  phosphoryl and phosphine
d e r iv a tiv e s*  Very s tro n g  s ig n a ls  were observed  f o r  t h i s  oompound
35 37a t  room te m p era tu re , so th a t  bo th  Cl and 'C l n*q*r* s p e c tra
37could be reco rd ed , a lthough  most o f  th e  Cl peaks could n o t be
re so lv e d  a t  77K* The d a ta  o b ta in ed  f o r  t h i s  sp eo ie s  i s  summarised
35in  Table 2*3* The Cl spectrum  a t  room tem pera tu re  c o n s is ts  o f 
two groups o f two peaks, each o f  th e se  s ig n a ls  b e in g  s p l i t  in to  
a  d o u b le t a t  77K* The in c re a s e  i n  s ig n a l m u l t ip l ic i ty  on c o o lin g  
i s  in d ic a t iv e  o f  a  phase change o r ,  in  view  o f  th e  r e l a t i v e  
f l e x i b i l i t y  o f  th e  l i n e a r  m olecule , o f a  f r e e z in g  o u t o f  some 
to r s io n a l  m otion o f  th e  mystem on cooling*  I f  we r e s t r i o t  a t t e n t io n  
to  th e  room te s p e ra tu r e  spectrum  in  o rd e r  to  a s s ig n  th e  s ig n a ls
Table 2.3
35C1 and 37C1 r u q . r .  d a ta  f o r  C 1 ^ (0 )  -  ff(Me) -  PClg
n*q*r* fre q u e n c ie s n*q*r* fre q u e n c ie s R atio  V ( 37C1 )
()UHzJ a t  77K (M.Hz. ) a t  293K° V ^3^ c i
37C1 3^C1 £ c i 3^C1 a t  29 3K
21.470 25.321
25.392 19.522 24.704 0.790
a 25.750 19.870 25.164 0.789
25.833
27.135
27.201 21 .018 26.644 0.789
27.917 21 .480 27.229 0.789
27.987
37a  O ther Cl s ig n a ls  were too  weak a t  77K to  be d is tin g u is h e d  
from  th e  background e le c tro n ic  n o ise
b This should  be compared w ith  th e  r a t i o  o f  th e  n u c le a r
37quadrupole moments, Q( C l) _ Q ^gg
«(35C1)
35c I n t e n s i t i e s  o f  *^ C1 s ig n a ls  a re  th re e  tim es th o se  o f  th e
37correspond ing  'C l resonances*
observed , th en  we can say  w ith  c e r t a in ty  th a t  th e  two h igh  
frequency  s ig n a ls  (26*644 and 27*229 M.Hz.) a r e  a s s o c ia te d  
w ith  c h lo r in e  atoms in  th e  -  P(0)C12 fragm en t, s in c e  th e  
f re q u e n c ie s  a re  ty p ic a l  o f  th o se  found f o r  c h lo r in e s  i n  t h i s  
type  o f environment* The rem ain ing  reso n an ces , a t  24*704 
and 25*164 M.Hz., a re  now ass ig n ed  to  c h lo r in e s  in  th e  -PC lg 
group, and th e  d a ta  shown in  Table 2*2 confirm s th a t  t h i s  
assignm ent i s  reasonab le*
I t  i s  v e ry  n o tic e a b le  th a t  th e  quadrupole resonance 
s p e c tr a  o f  th e  a c y c lic  compounds whioh have been in v e s t ig a te d  
h e re  e x h ib it  th e  same tre n d s  a t  th e  q y c lic  phosphaz enes 
d iscu ssed  e a r l i e r ,  showing th e  e s s e n t ia l  s im i la r i ty  o f  th e  
type  o f bonding in f lu e n c e s  p re se n t in  a l l  th e se  systems*
2*5 E xperim ental
A ll n .q .r*  s p e c tr a  were reco rded  u s in g  a  Decca Radar n u c le a r  
quadrupole resonance sp ec tro m ete r whioh employs a  su p e r-  
re g e n e ra tiv e  o s c i l l a t o r  o p e ra t in g  w ith in  th e  frequency  range 
5 ^  V 55 M.Hz. Resonances were reco rd ed  u s in g  b i­
d i r e c t io n a l  Zeeman m odulation , and fre q u e n c ie s  were measured by 
in te r p o la t io n  between c a l ib r a t io n  m arkers a u to m a tic a lly  p r in te d  
on th e  re o o rd e r  c h a r t  a t  25K*Hz. in te rv a ls *
The sam ples to  be s tu d ie d  were se a le d  in  t h in  w alled  g la s s  
am poules. S p e c tra  could  be reco rded  a t  am bient tem pera tu re  and, 
by immersing th e  com plete p robe, c o n ta in in g  th e  sam ple, in  l i q u id  
n itro g e n , a t  77K*
The compounds were sy n th e s ise d  by l i t e r a t u r e  methods* Thus 
th e  dim ethylamino—c y c lo tr ip h o s p h a z a tr ie n e s  a re  r e a d i ly  p rep ared
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by th e  r e a c t io n  o f  H^P^Clg w ith  dim ethylam ine in  e th e r  s o lu tio n ;
isom ers can be se p a ra te d  by chrom atographic techn iques*  A s im ila r
22tech n iq u e  was used  to  p rep a re  th e  p ip e r id in o  d e r iv a t iv e s  o f
V 3 C16- H hile  th e  phenyl ™ ^ i t u t e d  chlorophoaphazenes were made
by re a c t in g  p h en y lte trach lo ro p h o sp h o ran e  w ith  ammonium c h lo r id e
in  an i n e r t  so lv e n t such as  ch lo robenzene. ^  The phosphazenyl—
cyclophosphazenes were sy n th e s ise d  * by r e a c t in g  th e  a p p ro p r ia te
monophosphazene w ith  N^P^Cl^*
As f o r  th e  l i n e a r  compounds in v e s t ig a te d ,  [ c i2P (0 ) ] 2 CH  ^ was
39p rep ared  as d e sc rib e d  by M aier, y by r e a c t in g  a  m ix tu re  o f
[(E t0 )2P(0)] 2 CH2 and [ ( H D j^ O ) ^  CH2 w ith  a  la rg e  excess o f PCl^;
th e  p re p a ra t io n  o f  (ClgP^N Bu^ in v o lv es  th e  r e a c t io n  o f  PCl^ w ith  th e
prim ary amine h y d ro ch lo rid e  s a l t .  ^  Ph^P -  was sy n th e s ise d
from th e  sp e c ie s  [Ph^P ■ MPCl^J+Cl“ , w h ile  01^ ( 0 ) -  N(Me) -  PC12 i s
p rep a red  by r e a c t in g  phosphoryl (V) c h lo r id e  w ith  h ex am eth y ld is ila zan e ,
(Me^ S i ) 2 NH to  g iv e  C l2P(o)N(Me)—SiMe^ which can th e n  be re f lu x e d  w ith
42PCl^ to  g iv e  th e  p ro d u c t.
A number o f  compounds were s tu d ie d  in  which s ig n a ls  were n o t d e te c te d .
ttie se  were (UHEt) 2 t r a n s ,  H ^ C l ^ H E t ^  t r a n s , N ^ C l ^ H C ^ ^  c i s ,
and fc ig P fS jJg  HPh.
2 .6  Summary
The r e s u l t s  o b ta in ed  may be summarised by say in g  th a t  in  th e  
c h io ro c y c lo tr ip h o sp h a z a tr ie n e s  =PC12 groups may be d is tin g u is h e d  from
=  PC1R sp e c ie s  (R -  N ( a lk y l ) 2, a ry l  o r  a  phosphazenyl s u b s t i tu e n t)
35s in c e  th e  Cl n . q . r .  f re q u e n c ie s  f a l l  in to  d i s t i n c t  frequency  ra n g e s . 
U n fo rtu n a te ly  th e  f re q u e n c ie s  c h a r a c te r i s t i c  o f  =PC1R, =PC1HR2 and
=PC l(N  « PR^) groups o v e rla p  so th a t  th ey  cannot be d is tin g u is h e d
35sim ply by ■'Cl n . q . r .  sp ec tro sco p y . D esp ite  t h i s  d i f f i c u l t y ,  th e  
tech n iq u e  p ro v id es  a  v e ry  u s e fu l p robe o f  o y c lic  phosphazene system s
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and p ro v id es  a  r e l a t i v e l y  sim ple method o f  d is t in g u is h in g  c i s  -  and 
tra n s - is o m e rs , so long  a s  s p e c tr a  can be o b ta in ed  f o r  both  d e r iv a tiv e s*  
The s tu d ie s  o f th e  a c y c lic  phosphoryl and phosphine compounds 
re v e a l th a t  th e  m ajor in f lu e n c e  on th e  observed n*q*r* frequency  
appears to  be th e  degree o f  io n ic  c h a ra c te r  o f  th e  F-Cl bond; th e  
tre n d  in  fre q u e n c ie s  f o r  a s e r ie s  o f d e r iv a t iv e s  can be Bimply 
r a t io n a l i s e d  in  term s o f  th e  r e l a t i v e  e le c tro n -d o n a tin g  o r  w ithdraw ing 
powers o f th e  s u b s titu e n ts *
In  th e  nex t c h a p te r  th e  quadrupole resonance s tu d ie s  a re  extended 
to  some ch io rocyclod iphosphazanes, and th e  s p e c tr a  o f  th e se  compounds 
a re  in v e s t ig a te d  over a  wide range o f tem p era tu res  and p re ssu re s*
The r e s u l t s  o f th e  s tu d ie s  re p o r te d  in  C hapter I I I  im ply th a t  th e  
changes in  n*q*r* f re q u e n c ie s  caused by tem pera tu re  and p re s su re  
changes should  be c h a r a c te r i s t i c  o f th e  F-Cl bending modes o f  v ib r a t io n  
o c c u rr in g  in  th e  s o l id ,  and th e se  id e as  a re  a p p lie d  to  some 
c y c lo tr ip h o sp h a z a tr ie n e s  in  C hapter IV*
52.
C H A P T E R  I I I
CHLORINE -  35 NUCLEAR QUAHRTJPOLB RESONANCE SPECTRA OF THE 
CHLOROCYCIOLIP5QSPHAZANES. (C IJ PNr L .  AND OP THE
CHLOROOXOCYCLOIiIPHO SPHAZ ANES. (ClfO^PNR^
3.1 In tro d u c tio n
N uclear quadrupole resonance sp ec tro sco p y  h a s  been e x te n s iv e ly
35used  to  probe th e  environm ent o f •'■'Cl n u c le i bonded to  phosphorus.
In  th e  m a jo rity  o f  th e se  s tu d ie s  however th e  phosphorus atom i s
in  i t s  most common s t r u c tu r a l  environm ent, th a t  i s  te t r a h e d r a l ly
35c o o rd in a ted . S tu d ie s  o f  ' C l  n . q . r .  s p e c tra  o f  c h lo r in e  atoms
bonded to  phosphorus in  a  t r ig o n a l  b ipyram idal environm ent a re
l e s s  common, bu t have been c a r r ie d  o u t1f o r  th e  phosphorus (v )
c h lo ro f lu o r id e s ,  PCle F where n  * 1 , 2 o r  3, fo r  m olecu lar5-n  n
2 3phosphorus p en ta c h lo rid e  , f o r  th e  phenylchlorophosphoranes ,
A 5PCl,-_nFhn , where n * 1 o r  2 , and f a r  th e  cyolodiphosphazanes,
(CljFNRjg where R ■ CH^, C^H^ o r  Ph. The l a t t e r  group o f  compounds 
a re  dim ers o f th e  N s u b s t i tu te d  phosphin im ines, Cl^P » NR. I t  i s  
found th a t  a  h ig h  e le c tro n  d e n s ity  a t  n itro g e n  i s  n ecessa ry  f o r  
d im e r is a tio n , so th a t  dim ers a re  formed i f  th e  p a ren t amine i s  a  
s tro n g  b ase . Nhen e le c t r o n - a t t r a c t in g  groups a re  a tta c h e d  to  
n i t ro g e n  th e  phosphinim ine i s  th e  more s ta b le  s p e c ie s .^  The
cyolodiphosphazanes oan be depolym erised to  th e  phosphin im ines,
7 8 9Cl^P -  NR, by r e f lu x in g  in  a  s u i ta b le  i n e r t  so lv e n t,  '* *
10 11C ry s ta l s t r u c tu re  a n a ly se s  * o f  1, 1, 1 ,3 ,3 »3**hexachloro-  
2 , 4-d im ethy lcyclod iphosphazane, (Cl^PNCH^)^, show th a t  t h i s  
m olecule has th e  centrosym m etric s t r u c tu re  ( i )  in  which h y b r id is a t io n  
a t  phosphorus i s  based on a  t r ig o n a l  b ipyram id , and th e  r in g  
n itro g e n  atoms occupy both  a x ia l  and e q u a to r ia l  s i t e s .  C oo rd ina tion
around n itro g e n  i s  p la n a r .  The a x ia l  F-C l bonds, a t  2.15X » a re  
s ig n i f i c a n t ly  lo n g e r than  th e  e q u a to r ia l  P-Cl bonds ( 2 .O2X ). There 
i s  a s im ila r  d if fe re n c e  in  th e  P-N s k e le ta l  bond le n g th s , s in c e  th e
e q u a to r ia l  P-N bonds a re  c o n tra c te d  by 0 .1 5 8  from th e  le n g th  o f  a
12"norm al” P-N s in g le  bond. Thermochemical d a ta  a lso  confirm  th a t  
a x ia l  P-N bonds a re  weaker th an  th e  co rrespond ing  e q u a to r ia l  bonds, 
by about 9 K .c a l.  The f a r  in f r a r e d  spectrum  in  s o lu tio n  (30-450cnT1) 
fo r  (Cl^PNMe)^ h as  been re c o rd e d 1^ and a normal co o rd in a te  a n a ly s is  
h as  been c a r r ie d  ou t on i t  and on th e  c lo s e ly  r e la te d  m olecule
(f 3pnch3)2.
T his body o f  d a ta  im p lie s  th a t  th e  bonding in  the  
cyolodiphosphazanes i s  f a i r l y  complex. The f a c t  th a t  th e  fo rm ation  
o f  th e se  d im eric sp e c ie s  i s  favoured  by th e  presence o f  e le c tro n  
w ithdraw ing groups a t  phosphorus might be taken  to  in d ic a te  th a t  
c o n tra c tio n  o f  th e  d - o r b i t a l s  on phosphorus i s  n ece ssa ry  to  a llow  
them to  p a r t i c ip a te  in  bonding, b efo re  th e  dimer becomes more s ta b le
3 .1
C hlo rine  — 35 n u c le a r  quadrupole resonance  d a ta  f o r  (Cl^PNR^ 
where R ■ CH t^ C2^5 o r
R P o s i t io n  o f Cl Frequency (M.Hz.) 
77K 293K
D iffe re n c e  
Frequency (M.Hz.)
ch3 a x ia l  ( V ^ 25.823 25.617 0 .2 0 6
e q u a to r ia l ^ 2) 30.007 29.587 0 .4 2 0
V 3> 30.351 29.778 0.573
C2H5 a x ia l  ( V « 1 26.186 26.033 0.153
e q u a to r ia l ^ 2 ^ 30.456 30 .010 0.446
* 3 > 30.540
30.096 0.446
Ph a x ia l  ( V ^ 26.375 26.139 0 .2 3 6
e q u a to r ia l v 2) 30.579 30.081 0.498
V , ) 30.790 30 .122 0 .6 6 8
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than  th e  monomeric phosphinim ine. T his i s  in  agreement w ith  th e
f a c t  th a t  d im e risa tio n  i s  favoured  i f  th e  p a re n t amine i s  a  s tro n g
base . Thus th e  p ic tu re  which emerges i s  one in  which some 1T
in te r a c t io n  i s  p o s s ib le  between th e  n itro g e n  lone p a i r  o r b i t a l
and th e  empty phosphorus d o r b i t a l s .  Support fo r  t h i s  p ic tu re
comes from the  unusual co o rd in a tio n  around n itro g e n ; th e  th re e
bonds a t  each n itro g e n  a re  c o p lan a r, le a v in g  th e  n itro g e n  lone
p a i r s ,  in  2p o r b i t a l s  a t  r ig h t  an g les  to  th e  p lane o f  th e  r in g ,  z
f re e  to  p a r t i c ip a te  in  supplem entary 1T bonding. Again t h i s
concept i s  in  keep ing  w ith  th e  c r y s ta l  s t r u c tu re  d a ta  which
shows th a t  e q u a to r ia l  bonds a re  c o n s id e ra b ly  sho rtened  from th e
s in g le  bond le n g th , whereas th e  a x ia l  bonds, which in  th e  t r ig o n a l
bipyram id a re  o f te n  considered  to  u t i l i s e  a  phosphorus h y b rid
in v o lv in g  th e  d o o r b i t a l ,  h as  th e  same le n g th  a s  a  "co n v en tio n a l"  
z
P-N s in g le  bond. The s tru c tu re  o f  th e  cyolodiphosphazanes can 
th u s  be r a t io n a l i s e d  most sim ply in  term s o f an a l t e r n a t io n  o f 
and TT bonding around th e  r in g .
4
C hlo rine  -35 n u c le a r  quadrupole resonance sp e c tra  o f  th e  
cyolodiphosphazanes (CljPNR)^ where R -  CH^, o r  Ph, show
th a t  a l l  th re e  m olecules a re  centrosym m etric and th a t  a x ia l  
c h lo r in e  atoms can be r e a d i ly  d is tin g u ish e d  from e q u a to r ia l  
c h lo rin e  atoms in  th e  b ipyram id, f i r s t  by th e  la rg e  d if fe re n c e s  
in  t h e i r  c h a r a c te r i s t i c  quad ripo le  resonance fre q u e n c ie s  and 
second, by th e  c h a r a c te r i s t i c  d if fe re n c e s  th a t  a re  observed when 
th e  resonance fre q u e n c ie s  a t  77K a re  compared w ith  th e  co rrespond­
in g  f re q u e n c ie s  a t  295K* These c h a r a c te r i s t i c  fre q u e n c ie s  and 
d if fe re n c e  fre q u e n c ie s  a re  l i s t e d  in  Table 3*1 and P ig u re  3*1* 
and a  ty p ic a l  spectrum  o b ta in ed  f o r  (Cl^PNCH^)^ i s  shown in  
P ig u re  3 -2 .
(a )
20*0 20.5
25.5
F ig u re  3 .2
26.0
$
23.0 23.5
29.5 30 .0
C h lo rine  -  37(a) and c h lo r in e  -  35(b) n . q . r .  s p e o tra  
o f  (C13PNCH3 ) 2 a t  room te a p e ra tu re ,  reco rd ed  u s in g  
Zeeaaa M odulation . F requencies a re  i n  H.Hz.
The o r ig in  o f  th e se  v e ry  c h a r a c te r i s t i c  e f f e o ts  i s  no t 
f o l l y  u n d ers to o d , so th e se  quadrupole resonance s p e c tr a  have 
been examined in  d e t a i l  • The e f f  e o ts  on th e  c h lo r in e  -  35
n u c le a r  quadrupole resonance s p e c tra  o f  th e  cyolodiphosphazanes 
when th e y  a r e  su b je c te d  to  ( I )  m agnetic f i e l d s  w ith in  th e  
range 0 4  H 4  30 gauss, ( I I )  to  p re s su re s  w ith in  th e  range
 p
1 4  P 4  1500 Kg* cm and ( H i )  to  tem pera tu res  w ith in  th e  
range 77 ^  T ^  35QK a re  re p o r te d  in  th e  fo llo w in g  sec tio n s*
3*2* The n u c le a r  quadrupole resonance spectrum  o f  (Cl^PNCH^)^ 
in  an  a p p lie d  m agnetic f i e l d *
I t  has  n o t been p o s s ib le  to  grow la rg e  enough s in g le  c r y s ta l s
o f  any o f  th e  cyolodiphosphazanes to  enab le  th e  " z e r o - s p l i t t i n g
14. 15lo c u s"  o r  th e  " fre q u e n c y -f ie ld "  ^ methods to  be used  to  determ ine
th e  asymmetry param eters  in  th e se  compounds, and so ou r Zeeman
s tu d ie s  have been l im ite d  to  p o ly c ry s ta l l in e  sam ples o f  (Cl^PITCH^)^
When th e  o r ie n ta t io n  o f  a  s in g le  c r y s ta l  in  a  m agnetic f i e l d  i s
a l te r e d ,  th e n  th e  t r a n s i t i o n  en e rg ie s  and t r a n s i t i o n  p r o b a b i l i t i e s
16o f each o f  th e  fo u r  allow ed o h lo rin e  — 35 t r a n s i t io n s  a re  a l t e r e d ,
so th a t  th e  spectrum  o b ta in ed  from a  p o ly c ry s ta l l in e  sample c o n s is ts
o f  a  su p e rp o s itio n  o f  th e  s p e c tra  a s s o c ia te d  w ith  each o r ie n ta t io n ,
w eighted in  p ro p o rtio n  to  th e  p ro b a b i l i ty  o f f in d in g  th e  c r y s t a l l i t e
a t  t h a t  p a r t i c u la r  o r ie n ta tio n *  The form s o f  t h i s  spectrum  and o f
17i t s  d e r iv a t iv e  have been worked o u t toy Mori no and Toyama, f o r  
th e  case  in  which th e  weak m agnetic f i e l d  i s  p a r a l l e l  to  th e  ra d io ­
freq u en cy  f i e l d  u sed  to  e x c i te  th e  t r a n s i t io n s ,  and th e y  have shown 
th a t  th e  r e s u l t in g  lin e sh a p e  i s  s e n s i t iv e  to  th e  v a lu e  o f  \ .
18O ther w orkers have dem onstrated  th a t  when th e  r * f  • and Zeeman 
f i e l d s  a re  p e rp e n d ic u la r , th e  resonance lin e sh a p e  and p o s i t io n  a re
58.
in s e n s i t iv e  to  \  • Thus th e  asymmetry param eter can he
es tim a ted  from  n . q . r .  s p e c tra  o f  a  p o ly c ry s ta l l in e  sample i n  a  
weak s t a t i c  m agnetic f i e l d ,  p rov ided  th a t  th e  Zeeman f i e l d  i s  
p a r a l l e l  to  th e  r . f .  f i e l d .  The u se  o f  a  p o ly c ry s ta l l in e  sample 
means o f  course  t h a t  t h i s  method cannot p ro v id e  in fo rm atio n  about 
th e  o r ie n ta t io n  o f  th e  p r in c ip a l  axes o f  th e  e l e c t r i o  f i e l d  
g ra d ie n t r e l a t i v e  to  th e  c r y s ta l  axes, and th i s  p la c e s  th e  
tech n iq u e  a t  a  d isad v an tag e  oonpared w ith  th e  s in g le  c r y s ta l  m ethods.
In  c a lc u la t in g  th e  lin e sh a p e  expected from  a  p o ly c ry s ta l l in e
sam ple, Morino and Toyama employ a  number o f  s im p lify in g  assum ptions.
As a lre a d y  m entioned th e  Zeeman and rad io freq u en cy  m agnetic f i e l d s
a re  c o n s tra in e d  to  be p a r a l l e l  to  each o th e r  and a re  a lso  assumed
to  be homogeneous over th e  sample volume; th e  a b so rp tio n  l i n e  i s
ta k en  to  be very  sharp  in  th e  absence o f a  s t a t i c  f i e l d ,  and th e
sample i s  assumed to  c o n s is t  o f  a  la rg e  number o f  c r y s t a l l i t e s
o r ie n te d  a t  random. Morino and Toyama now proceed  to  c a lc u la te
th e  lin e sh a p e  by e s s e n t i a l ly  a  f i r s t - o r d e r  p e r tu rb a tio n  th e o ry  
17approach; i n  th e  p a r a l l e l  f i e l d s  th e  s p l i t t i n g  freq u en cy , V ♦  
(©,<£>) and th e  in t e n s i ty ,  P+ ( 0  , (p ) o f  each Zeeman component a re  
found to  be
f o r  th e  case  \  •  0 .  The " s p l i t t i n g "  frequency  V ♦  ( 9  , (/> ) i s  
d e fin e d  a s  th e  d if f e re n c e  between th e  pu re  n . q . r .  frequency  and th e  
t r a n s i t i o n  frequency  in  th e  weak s t a t i c  f i e l d ,  th e  +  and — s ig n s  
in d ic a t in g  th e  in n e r  ( ot ) and o u te r  ( P ) p a i r s  o f  th e  Zeeman
v +  ( 6 ,  </> ) -  ( 4 - 3  C O B 2  8  ) *  -  3 | Cos & | 3.1
3 .2
components r e s p e c t iv e ly .  In  th e se  ex p re ss io n s  & and $  deno te
th e  p o la r  c o -o rd in a te s  o f  th e  Zeeman f i e l d  w ith  re sp e o t to  th e  
p r in c ip a l  axes o f  th e  e . f .g *  a t  each n u c le a r  s i te *  I n t e n s i t i e s  
a re  measured on an a r b i t r a r y  s c a le ,  and i s  th e  Larmor frequency  
f o r  th e  n u c le i  in  th e  a p p lie d  f ie ld *  The shape fu n c tio n  
d e s c r ib in g  th e  envelope o f  th e  ab so rp tio n  l i n e  broadened by th e  
s t a t i c  f i e l d  i s  now sim ply shown to  be
T his approach can be extended to  th e  case  \  ^  0 , to  g iv e  a  
new ex p ress io n  f o r  th e  shape fu n c tio n  o f  th e  form
The behav iou r o f  th e  shape fu n c tio n  can  now be p lo t te d  o u t,  
and th e  r e s u l t in g  curve i s  i l l u s t r a t e d  i n  F ig u re  3*3 to g e th e r  w ith  
i t s  d e r iv a tiv e *  The s in g u la r i t i e s  in  th e  a b so rp tio n  curve occur a t  
-  ( 1 + so t h a t  an e s tim a te  o f  \  can  be made by m easuring
th e  f re q u e n c ie s  o f  th e se  fo u r  p o in ts*  The spectrum  i s  norm ally  
ana ly sed  by m easuring th e  lin e w id th  param eter T 1 , shown in  F ig u re  3*3 
s in c e  t h i s  corresponds to  th e  "peak to  peak lin e w id th 1* f o r  th e  
+ V L re g io n s  o f  th e  d e r iv a t iv e  spectrum , th e  r a t i o  ^  \  /  2V  ^ should  
equal th e  asymmetry p aram eter, so long  a s  th e  o r ig in a l  lin e w id th  
i s  n e g l ig ib le *  In  p r a c t ic e  \  i s  norm ally  measured by p lo t t in g
I ( ^  ) -  - f i r r  (4  - f 2 ) f o r  | f  u  1
and
I (  V ) -  J j -  (4  -  f 2 ) + If I {  3 (4 r f2 )} i
L L
f o r  1 < | f  | ^  2 3*3
where N i s  a  n o rm a lisa tio n  co n s ta n t and f  ■ V + /
where
.  ' f l  r  * .  I V | - V L
and
P (ip , k ) 3 .4
2T / 2  a g a in s t  th e  r e c ip ro c a l  o f  th e  m agnetic f i e l d  s t r e n g th , 
and e x tra p o la t in g  to  i n f i n i t e  f i e l d ,  s in c e  th e  o r ig in a l  l i n e ­
w idth  becomes p ro g re s s iv e ly  le s s  im portan t a s  f i e l d  s tre n g th  
17in c re a ses*  The e x tra p o la t io n  p rocedure  i s  a id ed  by th e  
f a c t  th a t  in  th e  low f i e l d  l im i t  i s  asym pto tic  to
where A ^ i s  th e  o r ig in a l  ( z e r o - f ie ld )  lin e w id th  and a lso  by 
th e  f a c t  i t  re ac h es  a  minimum a t  some in te rm e d ia te  f i e l d ,  b e fo re
<S
approach ing  th e  (H~ ) -  0 a x is  a long  th e  curve ( \  -  AV / 2
17 19so lo n g  a s  th e  o r ig in a l  l i n e  i s  g au ss ian  i n  form* 1 7 The 
m agnitude o f  m agnetic f i e l d  needed to  make th e  s p l i t t i n g  due to  
th e  asymmetry g r e a te r  th a n  th e  o r ig in a l  lin e w id th  i s  g iven  by 
th e  ex p re ss io n
2 1T AV
H > i r r  3*5
Measurement o f  asym m etries by t h i s  method i s  th u s  r e l a t i v e ly
s tra ig h tfo rw a rd , a lthough  th e  v e ry  marked b roaden ing  o f th e  s ig n a l
in  th e  p resen ce  o f  th e  Zeeman f i e l d  r e s t r i c t s  th e  method to
compounds which have s tro n g  z e r o - f i e ld  quadrupole resonance s ig n a ls*
The o th e r  m ajor l im i ta t io n  o f  t h i s  p a r t i c u la r  te ch n iq u e  i s  th a t
s in c e  th e  c a lc u la t io n  o u tl in e d  above p roceeds by a  p e r tu rb a t io n
method, th e  lin e sh a p e  i l l u s t r a t e d  in  F ig u re  3*3 i s  s t r i c t l y
a p p lic a b le  o n ly  f o r  \  <  0*2* In  o rd e r  to  u se  Zeeman -  n . q . r .
sp ec tro sco p y  to  c a lc u la te  1  f o r  a  sp eo ie s  in  which th e  asymmetry
may be q u i te  la rg e  an  a l te r n a t iv e  approach i s  re q u ire d ; s e v e ra l
w orkers have r e c e n t ly  t r i e d  to  p rov ide  th iB  by sim ulating  powder
p a t te r n s  f o r  Zeeman — n*q*r* spec tro scopy  u s in g  num erical te ch n iq u es ,
19-22and some prom ising  r e s u l t s  have been obta ined* ^
In  th e  p re s e n t work th e  tech n iq u e  adopted in  a n a ly s in g  th e  
Zeeman s p e c tr a  i s  e s s e n t i a l ly  t h a t  o f  Morino and Toyama* The
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c h lo r in e  -  35 n .q .r*  spectrum  o f (Cl^FHCH^)^ has been s tu d ie d  in
weak m agnetic f i e l d s  o f  up to  30 g auss , g en era ted  by a  Helmholtz
c o i l  arrangem ent, and a l l  s p e c tra  were d e te c te d  and reco rd ed
u s in g  th e  sp ec tro m ete r system  p re v io u s ly  d e sc r ib e d , to g e th e r  w ith
a  tim e av e rag in g  computer* The experim ental a sp e c ts  o f th e se
measurements a re  d isc u sse d  more f u l l y  in  Appendix A*
A ty p ica l Bpectrum obtained from one of the equatorial nucle i,
^ 2 , when H ■ 21*5 g au ss , and a f t e r  1225 p asse s  th rough th e  spectrum ,
i s  shown i n  F ig u re  3«4« I t  i l l u s t r a t e s  th e  c h a r a c te r i s t i c  peaks
p re d ic te d  by Morino and Toyama in  th e  — re g io n , bu t because
o f o v e rla p p in g  w ith  neighbouring  sidebands and n o ise  problem s,
we have never been  a b le  to  id e n t i f y  w ith  c e r t a in ty  th e  peaks a t
— 2 V T In  th e se  d e r iv a t iv e  sp ec tra*  However th e  r e s u l t s  a re  good 
Li
enough to  enab le  th e  p eak -to -p eak  s e p a ra t io n  to  be m easured, and 
th e  p rocedure  d eso rib ed  above o f  g raph ing  5"  ^ (2  V L) a g a in s t
—4
(H ) th e n  enab les th e  asymmetry param eter to  be measured* The a  ^
v a lu e s  o b ta in ed  i n  t h i s  way a re  g iven  in  Tables 3*2 and 3*3 f o r  th e  
V 1 and V 2 resonances r e s p e c t iv e ly ,  and th e  co rrespond ing  graphs 
o f  (2 V ^ ) a g a in s t  (H “ 1) a re  shown i n  F ig u res  3«5 and 3*6 
The e f f e c t  o f  th e  m agnetio f i e l d  on th e  e q u a to r ia l  resonance 
i s  id e n t ic a l  to  th e  co rrespond ing  e f f e c t  on ^  asymmetry
param eters  o b ta in ed  i n  t h i s  way f o r  (Cl^FNCH^Jg a re  summarised in  
Table 3*4, to g e th e r  w ith  v a lu e s  o f  th e  quadrupole cou p lin g  c o n s ta n ts  
d e riv e d  from  th e  observed  fre q u e n c ie s  and \  values*
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Table 3 .2
Lineshape param eters  <T and /2  'w)T o b ta in ed  by a n a ly s is  o f1 1 If
th e  V  ^ resonance s ig n a l o f  a  p o ly c ry s ta l l in e  sample o f 
(Cl^PNCH^)^ i n  weak m agnetic f ie ld s *
M agnetic f i e l d 35Larmor freau en cy  f o r  Cl 1
2 V
(g au ss) (K .H z.) (K .H z.)
2 .75 1.145 0.429 0 .1 8 8
3 .80 1.584 0.396 0.125
4.21 1.758 0.488 0.139
5.10 2.128 0.456 0.107
7 .49 3.125 0.521 0.083
7 .92 3.306 0.517 0.078
11 .09 4.630 0.648 0.070
11.13 4.644 0.514 0.055
14.53 6.062 0.779 0 .0 6 4
15.89 6.629 0.758 0.057
17.63 7.353 0.784 0.053
26*50 11.045 1.038 0.047
6 5 .
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T a b l e d
L ineshape param eters  ^  1 and cL|/2 V ^  o b ta in ed  by a n a ly s is  o f 
the  V 2 resonance s ig n a l o f  a  p o ly c ry s ta l l in e  sample o f (Cl^FNCH^)^
in  weak m agnetic f i e l d s .
n e t io  f i e l d 35Larmor freau en cy  f o r  Cl * 1
F / 2 V
g auss) (K .H z.; (K .H z.)
3 .56 1.484 0.807 0.272
4 .37 1.821 0.918 0 .2 5 2
6 .10 2.543 0.895 0.176
8 .20 3.418 1.073 0.157
8 .48 3.535 1.039 0.147
9 .8 0 4.085 1.160 0.142
10.00 4 .1 6 8 1.275 0.153
11.90 4.960 1.299 0.131
15.15 6.315 1.389 0.110
15.39 6.415 1.552 0.121
18.18 7.577 1.591 0.105
22.22 9.261 1.686 0.091
23.81 9.924 2.044 0.103
26.50 11.045 2.695 0.122
6 7 .
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3 .4
C h lo rin e  — 33 n . q . r .  f r e q u e n c ie s ,  asymm etry p a ra m e te rs  and 
q u ad ru p o le  c o u p lin g  c o n s ta n ts  f o r  (Cl^PNMe)^ a t  293K
35,
R esonance
Cl n . q . r .  F requency
a x ia l  25*617 +  0*001
e q u a to r ia l  29*587 *  0 .001
e q u a to r ia l  29*778 +  0*001
X w 2 V
0 .0 5  +  0 .0 1  5 1 .21  +  0 .0 1
0 .1 0  +  0 .0 2  59*08 + 0 .0 3
0 .1 0  + 0 .0 2  59*46 +  0 .0 3
These r e s u l t s  can  be employed i n  an  ap p ro x im ate  a n a ly s i s  o f
th e  ty p e  o f  bond ing  p r e s e n t  i n  t h i s  m o lecu le  by means o f  th e  method
23developed  by Townes and D ailey*  We have a l re a d y  d e r iv e d  th e  
e q u a tio n s  needed to  p e rfo rm  an  a n a ly s i s  o f  t h i s  s o r t ,  b u t we r e p e a t  
them a t  t h i s  p o in t  f o r  c l a r i t y *  Thus, i f  th e  c h lo rin e -p h o sp h o ru s  
bond i s  form ed from  a  c h lo r in e  3 s  — 3p h y b r id  o r b i t a l  o f  s - c h a r a c t e r  a ,  
d e f in e d  a s  i n  e q u a tio n  1*48, i t  can  be shown t h a t
■ (1 -  a2 ) (2  — b ) — J Li s a s M
(sqO /h )
mol
3 .6
e q ^ h  atom 2
-  (1 -  a 2 ) (1 -  i )  -  J L
2
w here b  i s  th e  p o p u la t io n  o f  th e  c h lo r in e  bond ing  o r b i t a l  and i  i s  
th e  io n ic  c h a r a c te r  o f  th e  bond, d e f in e d  by  e q u a tio n  1*54; i s  
f ix e d  by  ta k in g  th e  p o p u la t io n  o f  th e  c h lo r in e  3pz  o r b i t a l  to  have 
f a l l e n  from  2 to  (2  — 17 ) b ecau se  o f  th e  p re se n c e  o f  phosphorus -  
c h lo r in e  (d * — p)17 bonding* Thus 17 can  be fo u n d  from
\  - I  * atomeqCyh, m o lecu le 3 .7
V alues o f  TT and i  c a lc u la te d  by  t h i s  app rox im ate  method a r e
sum m arised in  T ab le  3*5* In  p e rfo rm in g  th e s e  c a l c u la t io n s
th e  s  -  c h a r a c te r  o f  th e  bonding  o r b i t a l  h as  been  a r b i t r a r i l y
s e t  eq u a l to  0 .1 5t a f t e r  Tonnes and D a ile y , and |(eq C ^ h ) atom I
26f o r  c h lo r in e  h a s  been  s e t  eq u a l to  109*7 M*Hz.
T ab le  3*5
Resonance F-C l bond le n g th (X ) 1T i
a x ia l *  1 2 .15 0 .0 2 0 .51
e q u a to r ia l V 2 2 .0 2 0 .0 4 0 .4 3
e q u a to r ia l V 3 2*02 0 .0 4 0 .4 3
I n  v iew  o f  th e  sw eeping ap p ro x im atio n s  in v o lv e d  i n  d e r iv in g
th e  Tow nes-D ailey th e o ry ,  th e  in d iv id u a l  v a lu e s  i n  T ab le  3*3
shou ld  n o t be endowed w ith  g r e a t  s ig n if ic a n c e *  N e v e r th e le s s
th e  r e s u l t s  do in d i c a te  t h a t  TT — bond ing  i s  o f  v e ry  m inor
im p o rtan ce ; TT — c h a r a c te r  does n o t c o n t r ib u te  any  more th a n
2 — 3 J  to  th e  n a tu re  o f  th e  P — Cl bonds i n  t h i s  m olecule*
The d i f f e r e n c e s  i n  th e  f r e q u e n c ie s  found  f o r  a x i a l  and e q u a to r ia l
c h lo r in e  atom s o r ig i n a t e  i n  th e  f a c t  t h a t  th e  a x ia l  P — Cl bond
i s  more io n ic  th a n  th e  e q u a to r ia l  P — Cl bond* T h is  i s  c o n s is te n t
w ith  th e  a c c e p te d  p ic tu r e  o f  bond ing  i n  a  t r i g o n a l  b ip y ra ia id a l
environm ent i n  w hich th e  c e n t r a l  atom , phosphorus i n  t h i s  c a s e ,
2
u se s  sp h y b r id  o r b i t a l s  to  form  e q u a to r ia l  bonds, and e i t h e r  a  
p u re  p o r b i t a l  o r  a  p  — d h y b r id ,  to  form  a x ia l  bonds*
3*3 C h lo r in e  -  35 n * q . r .  s p e c t r a  o f  (Cl^PHCH^)^ and (Cl^FHFh) 2 
s u b je c te d  to  h y d r o s ta t ic  p re s s u re
The c h lo r in e  — 35 n u c le a r  q u ad ru p o le  re so n a n c e  s p e c t r a  o f
(C1^PI7CH^ )2  and (Cl^PHFh)^ have been  exam ined w h i ls t  th e s e  oompounds
w ere s u b je c te d  to  h y d r o s ta t ic  p r e s s u re s  w i th in  th e  ra n g e  1 4 P  ^  1500 
—2Kg* cm a t  295K, g e n e ra te d  in s id e  a  p r e s s u re  chamber o f
c o n v e n tio n a l d e s ig n  Which c o n ta in e d  th e  sam ple c o i l*  V ario u s
a s p e c ts  o f  th e  ex p e rim e n ta l a rrangem ent em ployed, and o f  h ig h
p re s s u re  s tu d ie s  i n  g e n e ra l ,  a r e  d is c u s s e d  l a t e r  i n  t h i s  c h a p te r ,
and i n  Appendix B*
P lo ts  o f  th e  th r e e  c h lo r in e  — 35 n u c le a r  q u ad ru p o le  re so n a n c e
f re q u e n c ie s  f o r  (Cl^PNCH^)^ a s  a  f u n c t io n  o f  p r e s s u re  a r e  shown in
F ig u re  3*7* The a x i a l  c h lo r in e  n u c le u s  can  a g a in  be q u i t e  c l e a r l y
d is t in g u is h e d  from  th e  e q u a to r ia l  n u c l e i ,  t h i s  tim e  on th e  b a s is
o f  th e  re sp o n se  o f  th e  re so n an ce  f r e q u e n c ie s  to  a p p l ie d  p r e s s u r e  ;
th e  a x i a l  re so n a n c e  fre q u e n c y  i s  s u r p r i s in g ly  red u ced  a s  th e  p r e s s u re
i s  in c re a s e d ,  w hereas th e  e q u a to r ia l  f r e q u e n c ie s  in c re a s e  w ith
in c re a s e  i n  p re s s u re *  The v a r i a t i o n  i n  f re q u e n c y  i s  e f f e c t i v e l y
l i n e a r  i n  th e  " lo w -p re s s u re "  r e g io n  f o r  each o f  th e  th r e e  s ig n a l s ,
and in  each  c a se  th e r e  i s  a  d i s t i n c t  change i n  th e  p re s s u re
dependence a t  ap p ro x im a te ly  6 50 Kg* csT^ ,  p o s s ib ly  in d i c a t i n g  t h a t
th e  p r e s s u re  f o r c e s  some s l i g h t  change in  th e  p ack in g  o f  th e  m o lecu le s
in  th e  s o l id *  T h is  i s  n o t to o  s u r p r i s in g  s in c e  th e  d is ta n c e  betw een
e q u a to r ia l  c h lo r in e  atom s i n  a d ja c e n t  m o lecu le s  i s  l e s s  th a n  th e
11sum o f  th e  van  d e r  Waals* r a d i i  and some " s l ip p in g "  o f  th e  m o lecu le s  
r e l a t i v e  to  each  o th e r  seems in e v i ta b le *
F ig u re  3*8 shows t h a t  v e ry  s im i la r  changes a r e  o b se rv ed  when 
i s  s u b je c te d  t o  p re s s u re *  A gain  th e  a x i a l  c h lo r in e  
nuo leus  can  b e  d is t in g u is h e d  from  th e  e q u a to r ia l  n u c l e i ,  and  a g a in  
th e re  i s  a  d i s t i n c t  change i n  th e  p r e s s u re  dependence a t  a p p ro x im a te ly
_2
6^0 Kg.cm * The c lo s e  s i m i l a r i t y  o f  th e  r e s u l t s  o b ta in e d  
f o r  th e s e  two compounds im p lie s  t h a t  th e  s o l id  s t a t e  s t r u c t u r e s  
a re  v e ry  s im i la r  i n  th e  r e g io n  o f  th e  -  PCl^ fra g m e n ts , and 
t h a t  th e  d i f f e r e n c e s  i n  p ack in g  fo rc e d  by  th e  b u lk  o f  th e  pheny l 
group a f f e c t s  th e  m agnitude o f  th e  p r e s s u re  dependence o f  each 
f re q u e n c y  s l i g h t l y ,  b u t le a v e s  th e  o v e r a l l  p a t t e r n  unchanged*
These r e s u l t s  can  be a c c u r a te ly  d e s c r ib e d  by e x p re s s in g  
th e  f r e q u e n c ie s  i n  te rm s o f  a  po lynom ial i n  p r e s s u r e  and th e  
l e a s t  sq u a re s  f i t s  o f  th e  ex p e rim en ta l d a ta  f o r  each  re so n an ce  
in  (Cl^PNCH^)^ and (Cl^PHPh)^ a r e  g iv e n  i n  T ab le  3*6*
3*4 The e f f e c t s  o f  te m p e ra tu re  changes on c h lo r in e  — 35 n * o .r*  
s p e c t r a  o f  c fa lo ro cy c lo d ip h o sp h azan es*
( 1 ) C o n s tan t p r e s s u re  c o n d i t io n s  
D u e lea r q u ad ru p o le  re so n an ce  s p e c t r a  o f  s e v e ra l  o h lo ro c y c lo — 
d iphosphazanes  have been  exam ined o v e r  th e  te m p e ra tu re  ra n g e  77 4  
T 4  350K a t  a tm o sp h e ric  p re s su re *  To e n su re  a  u n ifo rm  te m p e ra tu re  
ov er th e  w hole sam ple th e  te m p e ra tu re  was h e ld  c o n s ta n t  f o r  a t  
l e a s t  t h i r t y  m in u tes  b e fo re  r e c o rd in g  each spectrum * The 
te m p e ra tu re  was v a r ie d  by  means o f  a  n i t r o g e n  gas—flo w  system  w hich 
i s  d e s c r ib e d  i n  Appendix C* The o b se rv ed  v a r i a t i o n  o f  f re q u e n c ie s  
w ith  te m p e ra tu re  f o r  (C1^PNCH^)2 i s  shown i n  F ig u re  3*9 » th e  
cu rv es  shown a r e  smooth and th e r e  i s  no s ig n  o f  any  sudden d i s ­
c o n t in u i ty  such  a s  one m igh t ex p ec t to  s e e  i f  a  p h ase  change occu rred *  
The l in e w id th  and i n t e n s i t y  o f  each re so n a n c e  a r e  a l s o  in d ep en d en t 
o f  tem p era tu re*  S im ila r  c u rv e s  a r e  o b ta in e d  f o r  (Cl^PNCgH^)^ and 
(Cl^PNFh)^ and th e s e  a r e  i l l u s t r a t e d  i n  F ig u re s  3*10 and 3*11 
r e s p e c t iv e ly *  The te m p e ra tu re  dependence o f  th e  re so n an ce  
f re q u e n c ie s  i s  v e ry  s im i la r  i n  a l l  th r e e  compounds; i n  each  e s s e
7 2 .
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th e  freq u en cy  o f  th e  a x i a l  c h lo r in e  i s  l e a s t  a f f e c te d  by th e  
te m p e ra tu re  change*
We can  see  from F ig u re s  3*9 and 3 .11  t h a t  in  bo th  
(Cl^PNCH^)^ and (C ljPN Fh)^ th e  two e q u a to r ia l  f re q u e n c ie s  
have m easurab ly  d i f f e r e n t  te m p e ra tu re  c o e f f i c i e n t s ,  so t h a t  
th e  re so n a n c e s  move c lo s e r  to g e th e r  w ith  in c r e a s in g  te m p e ra tu re .
The e f f e c t s  o f  th e  v ib r a t io n s  and th e rm a l exp an sio n  in  th e se  
compounds th u s  combine to  g ra d u a l ly  overcome the so lid  s t a t e  
e f f e c t s  which make the e q u a to r ia l  c h lo r in e s 1 reso n an ce  f re q u e n c ie s  
in e q u iv a le n t .  The s i t u a t i o n  i s  d i f f e r e n t  f o r  (Cl^PNC^H^J^ s in c e  
h e r e ,  a s  shown in  F ig u re  3*10 th e  two e q u a to r ia l  re so n a n c e s  a re  
e q u a l ly  a f f e c t e d  by th e  te m p e ra tu re  changes o v e r th e  e n t i r e  
te m p e ra tu re  ran g e  in v e s t ig a te d *  T h is  i s  a l s o  i l l u s t r a t e d  by 
th e  te m p e ra tu re  in c re m en ts  quo ted  in  T ab le  3*1 * and th e  d i f f e r e n c e  
in  th e  b eh av io u r o f  th e  e th y l  d e r iv a t iv e  may w e ll be a  r e s u l t  o f  
d i f f e r e n c e s  i n  c r y s t a l  p ack in g  betw een th e  e th y l  compound and 
th e  o th e r  s p e c ie s  s tu d ie d *
F ig u re  3*12 shows th e  c o rre sp o n d in g  v a r i a t i o n  o f  freq u en cy  
w ith  te m p e ra tu re  f o r  th e  ch lo ro o x ocyclod iphosphazane  [ci(0)PN CH ^J ^
who8e t e r t i a r y b u t y l  ana logue  h a s  r e c e n t ly  been shown to p o sse ss
27a c e n t r e  o f  symmetry. An a tte m p t to  c a r ry  o u t d e t a i l e d  n*q*r*
s tu d ie s  on ^ClfOjPNPh]^ h a s  been u n s u c c e s s fu l s in c e  th e  re so n an ce  
s ig n a l  in  t h i s  compound i s  v e ry  weak a t  room te m p e ra tu re , and 
fa d e s  o u t a l to g e th e r  a t  te m p e ra tu re s  below  250K. Between 250K 
and room te m p e ra tu re  th e  v a r i a t i o n  in  freq u en cy  found  f o r  
[ c i ( 0 )PHPh] 2  i s  v i r t u a l l y  i d e n t i c a l  to  t h a t  f o r  ^ClCOjPNCH^jg,
The f re q u e n c ie s  m easured  f o r  th e s e  two compounds a t  room te m p e ra tu re  
a re  g iv e n  in  T ab le  3*7,
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11 P lo t  o f  c h lo r in e  -  35 n . q . r .  f req u e n c ie s  v s .
tem peratu re  f o r  (Cl^PNPh)^.
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F igure  *1.12 P lo t  o f  c h lo r in e  -  35 n .q . r *  freq u en cy  v s .  
te m p e ra tu re  f o r  £ci(0)PNCH^]
Table 5.7
C h lo rin e  -  35 n . q . r ,  d a ta  f o r C1(0)PNCH_] and
3J2[ d (0 )P 8 P h ]2
Compound
|^ c i ( o)pnch5J 2 27.168
[d (0 )P N P h ]2
F requency  ( ll .H z .)  D if fe re n c e  F requency  (M .H z.) 
77K 295K
.  26 .621  O.547
26.530
0 .547
The c h lo r in e  atom s in  [ci(0)PN Rj when R ■ CH  ^ o r  Ph
can n o t be d is t in g u is h e d  from th e  a x i a l  c h lo r in e  atom s in  
(Cl^PNR)^, where R i s  CH^, ^ 2^5 o r  ^  sim ply  com paring t h e i r  
c h lo r in e  quad rupo le  re so n an ce  f re q u e n c ie s  a t  any g iv en  te m p e ra tu re  
b u t th e  two f u n c t io n a l  g ro u p s can  e a s i l y  be d is t in g u is h e d  from one 
a n o th e r  by m aking u se  o f  th e  m arked, and c h a r a c t e r i s t i c ,  d i f f e r ­
en ces  i n  th e  changes in  th e s e  f re q u e n c ie s  when th e  te m p era tu re  
i s  changed.
The o b se rv ed  v a r ia tio n s  of the resonance frequencies w ith 
tem perature can be f i t t e d  to  expressions of the form
3 .8  a re  l i s t e d  in  T ab le  3 . 6 .
( i i )  C o n stan t volume c o n d i t io n s  
The a lm o st u n iv e r s a l  r e d u c t io n  i n  eqQ on g o in g  from vapour 
Phase m easurem ents to  s o l id  s t a t e  d a ta  c l e a r l y  shows t h a t  even  in
V a  + b l  + | 3 .8
28a s  p r e d ic te d  by th e  t h e o r i e s  developed  by Bayer and by K ushida 
29 30a l .  * which a r e  d is c u s s e d  in  a  l a t e r  s e c t io n  o f  t h i s  c h a p te r  
The l e a s t  sq u a re s  f i t s  o f  th e  e x p e rim e n ta l d a ta  f o r  
where R » CH^, CgH^ and  Ph, and f o r  [c i (0)PNCh J 2 to  e q u a tio n
8 1 .
Tabic 5 .6
C o e f f ic ie n t s  c a lc u la te d  by f i t t i n g  th e  b e s t  c u rv e s  o f  th e  form
^  * a  + b T + c
T
to  th e  e x p e rim e n ta l c u rv e s  o f  n .q .r #  freq u en cy  v s .  te m p e ra tu re
Compound Resonance a b c
(C1j PNCH3) 2 v i 26.075 X 10* -1406 - 1 .265  X 10*
V 2 30.399 X 10* -2598 -1 .5 9 8  x 10?
V 5
30.768 X 10* -3210 -1 .4 3 4  x 107
( c i 3pn c2h5) 2 V 1 26.450 X 10* -1211 -1 .4 8 6  X 10?
V 2 30.700 X 10* -2279 - 6 .3 8 8  X 106
30.755 X 10* -2212 - 4 .2 1 6  X 106
(C ljPB I-hJj 26.526 X 10* -1219 -5 .5 9 9  X 106
V 2 3 0 .8 6 6 X 10* -2469 - 9 .6 6 3  x 106
^ 3
31.148 X 10* -3272 -9 .801  x 106
[c i(0 )P N C H 3l 27.990 X 10* -4263 - 3 .8 6 4  x 10T
( a  v a lu e s  a r e  in  Hz. f b in  Hs«K \  c i n  H z.K ., s ta n d a rd  d e v ia t io n s  
in  b v a lu e s  a r e  100 Hz K ^ . S tan d a rd  d e v ia t io n s  in  c v a lu e s  a r e  
2 x 10* H z.K .)
a  s im p le  m o le c u la r  c r y s t a l  in te rm o le c u la r  in t e r a c t io n s  can  
a p p re c ia b ly  in f lu e n c e  th e  observ ed  q u ad ru p o le  c o u p lin g  c o n s ta n t .
I t  fo llo w s  t h a t  th e rm al ex p an sio n  o f  a  s im p le  m o le c u la r  s o l id  
w i l l  a l t e r  th e  in te rm o le c u la r  c o n t r ib u t io n  to  th e  e l e c t r i c  f i e l d  
g r a d ie n t  a t  th e  q u a d ru p o la r  n u o le i ,  and b o  w i l l  c o n t r ib u te  tow ards 
th e  changes in  q u ad ru p o le  re so n an ce  f re q u e n c ie s  w ith  te m p e ra tu re  
w hich we have d e t a i l e d  above.
The e x p e rim en ta l d a ta  o b ta in e d  i n  th e  p re v io u s  s e c t io n ,
f o r  th e  v a r i a t i o n  o f  q u ad ru p o le  re so n an ce  f re q u e n c y  w ith
te m p e ra tu re  a t  c o n s ta n t ,  a tm o sp h e ric , p r e s s u re ,  and l i s t e d  in
T ab le  3 .8 ,  can  be u sed  to  d e r iv e  v a lu e s  o f  th e  d i f f e r e n t i a l
c o e f f i c i e n t  I xjz I « ; v a lu e s  o f  th e s e  c o e f f i c i e n t s
v 1 '  p  « 1 Kg. cm
a r e  l i s t e d  i n  T ab le  3*9 ? ° r  each re so n an ce  i n  (Cl^PNCH^)^ and
.
? f  c
(Cl^PMPh)^. The t a b l e  a l s o  in c lu d e s  v a lu e s  o f
T -295K
o b ta in e d  from  th e  d a ta  on p r e s s u r e  e f f e c t s  i n  T ab le  3*6. These 
r e s u l t s  can  be combined to  e s t im a te  th e  r a t e  o f  change o f  f re q u e n c y  
w ith  te m p e ra tu re  u n d e r c o n d i t io n s  o f  c o n s ta n t  volum e, i n  th e
form  o f  th e  d i f f e r e n t i a l  c o e f f i c i e n t  , by u s in g  th e
31
( £ f ) v  * *
r e l a t i o n s h ip
/  c)v\and th e  r e s u l t i n g  v a lu e s  o f  a**6 in c lu d e d  i n  T ab le  3*9*
E q u a tio n  3*9 i s  s t r i c t l y  c o r r e c t  o n ly  i f  th e  v ib r a t io n a l  f r e q u e n c ie s
i n  th e s e  s o l id s  a r e  n o t fu n c t io n s  o f  te m p e ra tu re  o r  p r e s s u re ;
th e r e  i s  however some l im i te d  ev id en ce  t h a t  v ib r a t io n a l  modes in
32some m o le c u la r  s o l id s  can  v a ry  w ith  te m p e ra tu re , a lth o u g h  such 
an  e f f e c t  i n  th e  p r e s e n t  c a s e  i s  ex p ec ted  to  be s m a l l .  A f u r t h e r  
r e s t r i c t i o n  on e q u a tio n  3*9 i s  t h a t  i t  i s  e x a c t o n ly  f o r  an
Table 3 .9
D if f e r e n t i a l  c o e f f i c i e n t s  f o r  (C1^PNCH^)2 and f o r  (Cl^PHPh)2
Compound Resonance / ] | 3 v  ] l^ ' t )
' 0 T ' p - 1Kg.cm" 2 '  v
TV293K
(C13PNCH3 ) 2 -1 2 6 6 -  5 .7 -1397
^2 - 2 4 2 0 -4*26.6 - 1 8 0 8
^ 3
-3050 + 53 .5 -1819
(C l3PHPh) 2 -1159 - 3 6 .6 -2 0 0 0
^ 2 -2 3 6 2 + 1 6 .8 -1976
* 3 -3163
+3 8 .2 -2284
1 v a lu e s  a r e  i n  u n i t s  o f  Hz.K -1 .  p v \  v a lu e s  a r e  i n  u n i t s
[a Tjp  \m T
o f Hz.Kg-  ^ cm^. M rs) v a lu e s  a r e  in  u n i t s  o f  Hz.K \
i s o t r o p i c  s o lid *  A lthough th e  u s e  o f  t h i s  e x p re s s io n  m ust
in tro d u c e  some e r r o r s ,  i t  i s  b e l ie v e d  t h a t  t h e i r  e f f e c t s  on
th e  e s t im a te d  v a lu e s  o f a r e  sm all i n  th e  s e r i e s  o f
compounds c o n s id e re d  here*
I n  e q u a tio n  3#9f ot i s  th e  volume c o e f f i c i e n t  o f  th e rm al 
ex p an sio n , and ^  i s  th e  is o th e rm a l c o m p re s s ib i l i ty  o f  th e  s o lid *  
V ery l i t t l e  d a ta  c o n ce rn in g  th e rm al ex p an sio n  and c o m p re s s ib i l i ty  
o f  c o v a le n t phosphorus compounds i s  a v a i la b l e  and we have th e r e ­
f o r e  u se d  ap p ro x im ate  e s t im a te s  o f  c* and ft o b ta in e d  from  th e  
a v a i la b l e  l i t e r a t u r e  d a ta  f o r  o th e r  m o lecu la r  c r y s t a l s  i n  
e q u a tio n  3*9 i n  o rd e r  to  c a l c u la te  • P o r o rg a n ic  compounds
o f  m odera te  p o l a r i t y  i n  w hich hydrogen bond ing  i s  a b s e n t,  th e
volume c o m p re s s ib i l i ty ,  ($ , i s  t y p i c a l l y  o f  th e  o rd e r  o f
“ 6 ■—1 21 1 x 1 0  Kg c m*  T o p ica l o rg a n ic  compounds i n  w hich hydrogen
bond ing  i s  a b s e n t have volume c o e f f i c i e n t s  o f  th e rm al ex p an s io n , ot ,
-■6 —1o f  th e  o rd e r  o f  260 x 10 K and th e  v a lu e s  f o r  th e  m o le c u la r  
s p e c ie s  POCl^, POBr^ and PBr^ a r e  s i m i l a r * ^ ’ ^  We have th e r e f o r e
3*5 The o r i g i n  o f  th e  c h a r a c t e r i s t i c  e f f e c t s  o f  te m p e ra tu re  
changes on th e  c h lo r in e  — 35 re so n an ce  f r e q u e n c ie s  i n  
c h lo ro c v c lo d ip h o sp h a z a n e s*
The e f f e c t s  o f  te m p e ra tu re  on n u c le a r  q u ad ru p o le  re so n an ce
te rm s o f  th e  v ib r a t i o n a l  m otions which o c c u r i n  th e  s o lid *  These 
cau se  th e  e f f e c t i v e  e l e c t r i c  f i e l d  g r a d ie n t  and asymm etry p a ra m e te r  
f o r  each c h lo r in e  n u c le u s  to  change w ith  v ib r a t io n  a m p litu d e  and 
th e  p a ra m e te rs  eq and \  av e rag ed  o v er th e s e  m otions can  be  r e l a t e d
assumed t h a t  f o r  th e  c h lo ro c y c lo d ip h o sp h a zan es
f re q u e n c ie s  a r e  e x p la in e d  by th e  B ayer-K ushida th e o ry  i n
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p r in c ip a l  ax es  X,Y and Z o f  th e  e l e c t r i c  f i e l d  g r a d ie n t  te n s o r  
by th e  e q u a tio n s
I n  th e  ch lo ro c y c lo d ip h o sp h a zan es  th e  asymm etry p a ra m e te rs  a r e  
sm a ll so t h a t  \  can  be ta k e n  to  be c o n s ta n t  in  th e s e  e q u a tio n s  
and th e  l a s t  te rm  i n  e q u a tio n  3*10 can  be n eg le c te d *
and i f  i t  i s  assumed th a t  o n ly  l i b r a t i o n a l  and to r s io n a l  m otions 
a re  in v o lv e d , and th a t  th e s e  a r e  harm onic, th e n  i t  can  be shown 
th a t
i n e r t i a  ab o u t th e  a x i s  a s s o c ia te d  w ith  th e  m otion* V i s  th eo
n u c le a r  q u ad ru p o le  re so n an ce  f re q u e n c y  w hich would be o b ta in e d  f o r  
th e  r i g i d  l a t t i c e  i n  th e  absence  o f  even z e ro -p o in t  v ib r a t io n s *
The l a t t i c e  v ib r a t io n s  can be grouped in to  h ig h  -  and low -  
fre q u e n c y  modes a c c o rd in g  to  w hether t h e i r  f re q u e n c ie s  a r e  g r e a t e r  
o r  s m a lle r  th a n
3.11
Any sm all a m p litu d e  e x te rn a l  c o -o rd in a te  0 ^  can  be expanded 
a s  a  l i n e a r  co m bination  o f  th e  norm al c o -o rd in a te s  ?  . by
where th e  c o e f f i c i e n t  A. . g iv e s  th e  r e l a t i v e  w eigh t o f  th e
c o n t r ib u t io n  made by th e  j  mode to  th e  n u c le a r  m o tion , V .
J
i s  th e  f re q u e n c y  o f  th e  mode, and I .  i s  th e  e f f e c t iv e  moment o f
J
3.14
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w here i s  th e  lo w e s t te m p e ra tu re  u sed  in  th e  experim ents*  
I f  th e  c o n t r i la i t io n s  to  'V from  th e  h ig h  fre q u e n c y  modes a r e  
s e t  equal to  SI ( t ) ,  and A ^  i s  ta k e n  to  be 1 , th e n
C M g M ^
J l  -  3 k T  y -  ,1  h _  T " _ L + i l ( T ) L  3 . 1 5
\  81T7  z3 V j 2 3 2 T r Z k T  )
where
Ci(n}) m _  1  ** f i  1 .
2 j-JGM 4 -fr* 1^ ^ 2 exp(h  V ../ k T )-  1 J  3*16
and th e  sum nations a r e  ta k e n  o v e r th e  j  modes w hich c o n t r ib u te  
to  0 ^  * N e g le c tin g  th e  S I  ( t )  te rm  c o m p le te ly , e q u a tio n  
3*15 can  he  r e - c a s t  in to  th e  form
•V -  a  +  Ta'1!  +  3 .1 7T
. a  ■ Vwhere o
V .  V   i 3 . 18
8 Tr i .  v . 2
J-1  ■Lj
321T k  ^  I ,
and i t  now fo llo w s  t h a t  a t  room te m p e ra tu re  th e  r a t e  o f  change 
o f  n*q*r* f re q u e n c y  w ith  te m p e ra tu re  u n d e r c o n s ta n t  volume 
c o n d it io n s  i s  g iv e n  by
( » ) ,  -  -  &  t  ^
J 1 0 a
I t  i s  now r e l a t i v e l y  s im p le  to  c o r r e l a t e  th e  b eh a v io u r o f  
th e  n*q*r* f re q u e n c y  w ith  te m p e ra tu re  a t  c o n s ta n t  volume w ith  th e  
o b serv ed  v ib r a t i o n a l  s p e c t r a  f o r  th e  cy c lo d iphosphazanes*  A ll 
modes o f  v i b r a t i o n  sh o u ld  be in c lu d e d  in  th e  sum when com puting 
v a lu e s  o f  ( | | ) y  , b u t i f  one mode i s  assumed to  be dom inant i n  
in f lu e n c in g  th e  q u ad ru p o le  re so n an ce  f r e q u e n c ie s  th e n  i t  can  be
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i d e n t i f i e d  i f  i t s  computed c o n t r ib u t io n  to  i s  c o n s i s te n t
w ith  th e  e x p e rim en ta l d a ta  d is c u s s e d  e a r l i e r  and sum m arised in  
T ab le  3*9# The low fre q u e n c y  norm al modes g iv e n  i n  r e f e r e n c e
13 a r e  sum m arised i n  T ab le  3*10 ; each o f  th e s e  modes h a s  been  
t e s t e d  i n  t h i s  way and o n ly  th e  64  c m " \  -  PCl^ to r s io n a l-b e n d in g  
modes a r e  c o n s i s te n t  w ith  th e  ex p erim en ta l d a ta*  A p o s tu la te d  
r i g i d  l i b r a t i o n a l  m otion  a t  41 cm , w hich would n o t be  i n f r a  -  
r e d  a c t iv e  b u t co u ld  be Raman a c t iv e ,  co u ld  a ls o  acco u n t f o r  th e  
d a ta  i n  T ab le  3*9* a s  would a ls o  a  l i n e a r  co m bination  o f  t h i s
l i b r a t i o n  and th e  -  PCl^ b end ing  modes* A ll o th e r  v ib r a t i o n a l
7 13 —1modes o b se rv ed  i n  t h i s  m o lecu le  9 o c c u r a t  122 cm o r
h ig h e r  f r e q u e n c ie s ,  and so can  be n e g le c te d *  The e x p e rim en ta l
and c a lc u la te d  v a lu e s  o f  ( ^ j j jy  ^o r  3X6 l* 8*0^
T ab le  3*11*
F ig u re  3*13 i s  a  p r o je c t io n  o f  th e  s t r u c t u r e  o f  (Cl^FNCH^)^ 
in  which th e  shap es  o f  th e  atom s have been  w eigh ted  by th e  
a n i s o t r o p ic  th e rm a l p a ra m e te rs  g iv e n  in  r e f e r e n c e  11, and i t  
shows q u i t e  c l e a r l y  t h a t  th e  main c o n t r ib u t io n  to  th e  m otion  o f  
th e  atom s i n  t h i s  s o l id  i s  made by th e  -  PCl^ to r s io n a l-b e n d in g  
modes : r i g i d  l i b r a t i o n a l  m otions a r e  o f  m inor im p o rta n c e .
3*6 C o n c lu sio n s
I n  th e  ch lo ro c y c lo d ip h o sp h a zan es  th e  q u ad ru p o le  re so n an ce  
r e s u l t s  c l e a r l y  in d i c a te  t h a t  th e  n*q*r* f r e q u e n c ie s  a r e  d e te rm in ed  
e s s e n t i a l l y  by  th e  d e g re e  o f  io n ic  c h a r a c te r  o f  th e  F -C l bonds? 
th e  c h a r a c t e r i s t i c  e f f e c t s  o f  te m p e ra tu re  on  th e s e  f r e q u e n c ie s  
a re  a  consequence o f  th e  n a tu re  o f  th e  ben d in g  modes o f  v ib r a t i o n  
in v o lv in g  th e  P — Cl frag m e n ts  i n  th e s e  m olecu les*  Tfte
88.
Table 3 .1 0
V ib ra t io n a l  f re q u e n c ie s  o f  (C1^PNCH^)2 , to g e th e r  w ith  
a ss ig n m en ts  b ased  on an  ap p rox im ate  norm al c o -o rd in a te  a n a l y s i s .
B a ta  i s  ta k e n  from  r e f e r e n c e  13» and o n ly  th e  low f re q u e n c y  
modes a r e  shown.
F requency No. C a lc u la te d  F requency  N e a re s t O bserved A pprox. form
F requency  o f  v ib r a t io n
(cm ” 1) (cm *”1) from  PED
5 263 268 R ing  d i s t o r t i o n  
and PCI s t r e t c h
6 71 - PCI^ bend
9 218 204 s k e l e t a l
10 133 - PCl^ bend
12 130 - s k e l e t a l
14 201 204 PCl^ bend
15 99 - PCl^ bend
16 62 62 PCl^ bend
19 128 122 s k e l e t a l
20 98 122 PCl^ bend
21 56 62 r i n g  p u c k e rin g
25 195 212 s k e l e t a l
26 125 122 PC12 bend
29 130 122 PCl^ bend
30 74 62 PCl^ bend
Table 3*11
C o e f f ic ie n t s  o f  r a t e  o f  change o f  N .Q .R. f re q u e n c y  w ith  te m p e ra tu re  
f o r  each re so n an ce  i n  (Cl^PNCH^)^. v a lu e s  found  from  th e
te m p e ra tu re  and p re s s u re  dependen t s tu d ie s  a r e  l i s t e d ,  to g e th e r  w ith  
c a lc u la te d  v a lu e s  which a re  d e te rm in ed  by assum ing t h a t  o n ly  th e  
v ib r a t io n a l  f r e q u e n c ie s  l i s t e d  c o n t r ib u te  to  th e  te m p e ra tu re  
dependence o f  th e  N.Q.R. f r e q u e n c ie s .  A ll v a lu e s  g iv e n  a r e  in
—i
u n i t s  o f  Hz.K •
V i V2 V3
E x p erim en ta l -1397  —1808 -1819
/ 9 v \  VC a lc u la te d  assum ing th a t
th e  o n ly  v ib r a t i o n a l  modes which
c o n t r ib u te  a r e :
( i )  64cmT^ PCl^ b end ing  modes —1392 —1845
( i i )  41 cm""* l i b r a t i o n a l  m otion  o f
-1868
th e  e n t i r e  m o le c u le . —1543 —1799 —1820
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c i  1
C l 2
\  \ .
C l 3
Cl 3
Cl 2
Cl 1
F ig u re  3 .1 1  P rojection o f  th e
s t r u c t u r e  o f  (C1 ^FNCH^)2
c h a r a c t e r i s t i c  e f f e c t s  o f  p r e s s u re  on th e  q u ad ru p o le  re so n an ce  
f re q u e n c ie s  can  now a ls o  be q u a l i t a t i v e l y  acco u n ted  f o r  s in c e  
com pression  o f  th e s e  s o l id s  must re d u c e  th e  a m p litu d es  o f  th e s e  
v ib r a t i o n a l  modes so  te n d in g  to  in c re a s e  n . q . r .  f r e q u e n c ie s y 
and may a ls o  a f f e c t  th e  F -C l bond c h a r a c te r s  to  some e x te n t  
by  a l t e r i n g  in te rm o le c u la r  d is ta n c e s  and a n g le s ,  th u s  in c r e a s in g  
th e  " s o l id — s t a t e  s h i f t "  o f  th e  quad ru p o le  co u p lin g  c o n s ta n ts  from  
th e  v a lu e s  ex p ec ted  i n  th e  f r e e  m o lecu le .
The a m p litu d e s  o f  th e  n u c le a r  d isp la c e m e n ts  d u r in g  th e  F-C l 
bend ing  modes depend on  th e  m agnitudes o f  th e  r e s t o r i n g  f o r c e  
c o n s ta n ts ,  and th e s e  i n  t h e i r  t u r n  depend on th e  d e t a i l s  o f  th e  
e l e c t r o n  d i s t r i b u t i o n  a t  th e  c e n t r a l  phosphorus atom . I t  fo llo w s  
t h a t  th e  e f f e c t s  on th e  c h lo r in e  -  35 n u c le a r  q u ad ru p o le  re so n an ce  
f r e q u e n c ie s  i n  o th e r  P -  Cl system s when th e y  a re  s u b je c te d  to  
p r e s s u re  changes o r  to  te m p e ra tu re  changes sh o u ld  be c h a r a c t e r i s t i c  
o f  th e s e  sy s te m s .
I n  v iew  o f  th e  ap p ro x im atio n s  in h e re n t  i n  th e  Bayer—K ushida 
th e o ry  how ever, such c o r r e l a t i o n s  sh o u ld  be r e s t r i c t e d  to  c o v a le n t 
compounds w hich form  s im p le  m o le c u la r  s o l id s  s in c e  i n  th e s e  
c irc u m s ta n c e s  th e  in f lu e n c e s  on th e  q u ad ru p o le  re so n an ce  f r e q u e n c ie s  
and on t h e i r  te m p e ra tu re  dependence a r e  p r im a r i ly  in t r a m o le c u la r  
in  o r i g i n .  I n  io n io  compounds, i n  w hich in t e r i o n i c  i n t e r a c t io n s  
can  be dom inan t, changes i n  n . q . r .  f r e q u e n c ie s  due to  te m p e ra tu re  
o r  p r e s s u re  changes a r e  more l i k e l y  to  be c h a r a c t e r i s t i c  o f  th e  
io n ic  l a t t i c e  th a n  o f  bond ing  w ith in  each io n  s in c e  v ib r a t io n a l  
modes sho u ld  be  more s t r o n g ly  co u p led .
In  m o le c u la r  c r y s t a l s  how ever, l o c a l i s e d  b en d in g  modes w hich 
a re  c h a r a c t e r i s t i c  o f  th e  bond A — B say  w i l l  c o n t r ib u te  
s i g n i f i c a n t l y  to  th e  te m p e ra tu re  dependence o f  th e  n « q . r .  f re q u e n c y  
o f  B i f  th e  f o r c e  c o n s ta n t  f o r  th e  bond A -  B i s  r e l a t i v e l y  weak
and i f  th e  atom s A and B a r e  f a i r l y  heavy , so t h a t  th e  b end ing  
mode f r e q u e n c ie s  a r e  low ; o th e rw ise  th e  l i b r a t i o n a l  modes w i l l  
dom inate  th e  te m p e ra tu re  e f f e c t s  i n  n . q . r .  T h is  im p lie s  t h a t  
in  o th e r  g roups o f  compounds w hich have s im i la r  bonding  to  t h a t  
i n  th e  F-C l fra g m e n ts  i n  th e  cy c lo d ip h o sp h azan e s , and l a r g e r  
a tom ic  m asses th a n  a  phosphorus — c h lo r in e  system , th e  b en d in g  
modes sh o u ld  be even more im p o rta n t i n  c o n t r o l l i n g  th e  e f f e c t s  o f  
ten qpera tu re  and p r e s s u re  on n .q . r *  f r e q u e n c ie s .
3 .7  E xperim en ta l
A ll q u ad ru p o le  re so n an ce  s p e c t r a  were re c o rd e d  u s in g  a  
Decca R adar n . q . r .  s p e c tro m e te r . I n  th e  Zeeman ex p erim en ts  th e  
sam ple c o i l  o f  th e  sp e c tro m e te r  was p la c e d  w ith  i t s  a x i s  p a r a l l e l  
to  th e  f i e l d  g e n e ra te d  by a  p a i r  o f  H elm holtz o o i l s  w hich p roduce  
a  m agnetic  f i e l d  o f  134 g a u s s , amp .  F requency  m o d u la tio n  was 
u sed  i n  th e s e  e x p e rim e n ts . S in ce  even a  v e ry  sm all m ag n e tic  
f i e l d  c o n s id e ra b ly  b roadens th e  re so n a n c e s  i t  was n e c e ss a ry  to  
co u p le  th e  s p e c tro m e te r  o u tp u t to  a  T ec h n ica l M easurement 
C o rp o ra tio n  C1024 tim e  a v e ra g in g  com puter. The D ecca sp e c tro m e te r  
fre q u e n c y  c a l i b r a t e s  th e  s p e c t r a  so t h a t  in t e r n a l  e s t im a te s  o f  th e  
m agnitudes o f  th e  a p p l ie d  f i e l d  and o f  th e  c h lo r in e  -  35 Larmor 
fre q u e n c y , a r e  o b ta in e d  from  th e  s p e c t r a .  No a tte m p t was 
made in  t h i s  work to  c a n c e l th e  e a r t h 9 s  m ag n e tic  f i e l d  a t  th e  
sam ple . D e ta i l s  o f  th e  manner o f  o p e ra t io n  o f  th e  s p e c tro m e te r  
w ith  th e  tim e  a v e ra g in g  com puter a r e  g iv e n  i n  A ppendix A.
The in v e s t ig a t io n s  o f  th e  p r e s s u re  dependence o f  th e  n . q . r .  
s p e c tr a  o f  (C1^PNCH^)2 and (Cl^FNFh)2 w ere c a r r i e d  o u t  u s in g  a  
p re s s u re  v e s s e l  o f  c o n v e n tio n a l d e s ig n  w hich c o n ta in e d  th e  sam ple 
c o i l ;  f u r t h e r  d e t a i l s  o f  th e  p r e s s u re  chamber a r e  to  b e  found
in  Appendix B* P re s s u re s  w ere m easured "by means o f  a  s ta n d a rd
+ —2p re s s u re  gauge and a r e  a c c u ra te  to  -  2 Kg* cm • The c a l i b r a t i o n  
o f  th e  gauge was checked by s tu d y in g  th e  q u ad ru p o le  re so n an ce  
spectrum  o f  Gu^O a s  a  f u n c t io n  o f  p re s su re *  'Hie h ig h  p r e s s u r e  
chamber was c o n s tru c te d  from  an  s t a i n l e s s  s t e e l  so t h a t
i t  was n o t p o s s ib le  to  u se  Zeeman m o d u la tio n , and fre q u e n c y  
m o d u la tio n  te c h n iq u e s  w ere th e r e f o r e  u se d  i n  re c o rd in g  th e s e  s p e c tra *  
A second p re s s u re  v e s s e l  h a s  been  c o n s tru c te d ,  to  en ab le  th e s e  
s tu d ie s  to  be  ex tended  to  h ig h e r  p r e s s u r e s ,  and t h i s  v e s s e l  i s  
a ls o  d e s c r ib e d  in  A ppendix B*
Hie ex p erim en ts  i n  which s p e c t r a  w ere exam ined o v er th e  
te m p e ra tu re  ra n g e  77 ^  T 4  350K w ere c a r r i e d  o u t  u s in g  b o th  
Zeeman m o d u la tio n  and fre q u e n c y  m odulation*  The te m p e ra tu re  
was v a r ie d  by means o f  a  n i t r o g e n  g a s -f lo w  system  w hich i s  
d e s c r ib e d  f u l l y  i n  A ppendix C, and was m easured by means o f  a  
copper—c o n e ta n ta n  therm ocoup le  whose r e f e r e n c e  ju n c t io n  was m ain­
ta in e d  a t  273K* To e n su re  a  u n ifo rm  te m p e ra tu re  o v e r th e  w hole 
sam ple th e  te m p e ra tu re  was h e ld  c o n s ta n t  f o r  a t  l e a s t  t h i r t y  
m inu tes  b e fo re  re c o rd in g  each  spectrum *
A ll cu rv e  f i t t i n g  p ro c e d u re s  w ere c a r r i e d  o u t u s in g  th e  
l e a s t  sq u a re s  c r i t e r i o n  by s ta n d a rd  com puter program s a v a i la b le  
on th e  U n iv e r s i ty  o f  E dinburgh IBM 370/15B com puter and th e  
U n iv e r s i ty  o f  Glasgow KEF9 com puter* The th e rm a l e l l i p s o i d  
d iag ram  f o r  (Cl^PNCH^)^ shown i n  F ig u re  3*13 was p roduced  by 
"OR TEP" , a  f o r t r a n  th e rm a l -  e l l i p s o i d  p lo t  program  f o r  c r y s t a l  
s t r u c t u r e  i l l u s t r a t i o n s ,  u s in g  th e  370 /l5B  com puter*
B ie compounds in v e s t ig a te d  w ere a l l  p re p a re d  by  p u b lish e d  
p ro c e d u re s  : (C ljP H C H ,)^  (C ljE H C gH jg 41 and (CljPH PhJg 9
by th e  r e a c t io n  o f  th e  a p p ro p r ia te  am ine h y d ro c h lo r id e  w ith  
PClj. , and th e  ch lo ro o x o p y c lo d ip h o sp h azan es from  (Cl^PHR)^ » 
R -  CH3 , Fh r e a c t in g  w ith  SC>2 42»43#
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C H A P T E R  I V
THE EFFECTS OF PRESSURE CHANGES AND TBffPERATPRE CHARGES ON THE 
CHIDRINE -  55 NUCLEAR OOAXRUPOLE RESONANCE SPECTRA OF THE 
CHLOROCYCLOTRIPHOSPHAZATRIENES N^P^Cl^ AND N^P^Cl^ NHPr1
4*1 In tro d u c t io n
In  th e  p re c e d in g  c h a p te r  i t  h as  been shown th a t  i n  th e  
c h lo ro c y c lo d ip h o sp h a z a n e s , (C1^PHR)2 where R -  CHy CgH^ o r  Fh, 
n u c le a r  quadrupo le  reso n an ce  sp ec tro sco p y  can be u sed  in  th r e e  
ways to  d i s t in g u is h  betw een a x i a l  and e q u a to r ia l  c h lo r in e  atom s : 
th e  c h lo r in e  -  35 n u c le a r  quadrupo le  re so n an ce  f r e q u e n c ie s  a re  
d i f f e r e n t ,  th e  te m p e ra tu re  c o e f f i c i e n t s  o f  th e se  f re q u e n c ie s  a re  
d i f f e r e n t  and  th e  p re s s u re  c o e f f i c i e n t s  o f  th e s e  f re q u e n c ie s  a re  
d i f f e r e n t .  The c h a r a c t e r i s t i c  f r e q u e n c ie s  a re  de te rm in ed  
e s s e n t i a l l y  by th e  d i f f e r e n c e s  in  th e  d eg ree  o f  io n ic  c h a r a c te r  
a s s o c ia te d  w ith  a x i a l  and e q u a to r ia l  bonds in  th e  t r i g o n a l  
b ip y ra m id a l en v iro n m en t, w h ile  th e  c h a r a c t e r i s t i c  e f f e c t s  o f  
te m p e ra tu re  and p re s s u re  on th e s e  f re q u e n c ie s  o r ig in a te  e s s e n t i a l l y  
in  th e  ben d in g  modes o f  v ib r a t io n  which in v o lv e  th e  P -C l frag m en ts  
in  th e  c h lo ro c y c lo d ip h o sp h a z a n e s . The a m p litu d e s  o f  th e  n u c le a r  
d isp la c e m e n ts  d u r in g  th e  P -C l bend ing  modes depend on th e  P-C l 
bond le n g th s  and on th e  m agn itudes o f  th e  r e s to r in g  fo rc e  c o n s ta n ts ,  
and th e s e  in  t h e i r  tu r n  depend on th e  d e t a i l s  o f  th e  e le c t r o n  
d i s t r i b u t i o n  a t  th e  phosphorus atom . The e f f e c t s  o f  p re s s u re  
changes o r  te m p e ra tu re  changes on c h lo r in e  -  35 n u c le a r  quadrupole 
re so n an ce  f r e q u e n c ie s  in  P-C l system s sh o u ld  th e r e f o r e  be 
c h a r a c t e r i s t i c  o f  th e  f u n c t io n a l  g roups in v o lv e d , and i t  sho u ld  
be p o s s ib le  to  u se  m easurem ents o f  th e s e  e f f e c t s  to  d is c r im in a te
between such fu n c tio n a l groups*
In  th is  chap ter the ch lo rin e  -  35 n u clear quadrupole 
resmnance sp ec tra  are  in v e s tig a te d  in  d e ta i l  fo r  the 
ch lo rocyclo triphosphazatrienes N ^ C lg  and N^P^Cl^HHPri  where 
Pr* * CHCCH )^^* w h ils t these  so lid s  are sub jected  to  ( I )  
p ressu res  w ith in  the range 1 4  P 4  1000 K g , cm and ( i l ) ,  
to  tem perature changes w ith in  the  range 100 4 T 4  320K in  
order to  a s c e r ta in  whether the  v a r ia tio n  o f n*q*r* frequencies 
in  these  d e riv a tiv e s  with tem perature and pressure a re  s im ila r ly  
c h a ra c te r is t ic  of the fu n c tio n a l groups involved*
The c h lo r in e  -  35 n u c le a r  quadrupole reso n an ce  spectrum  
o f  N^PjCljJJHPr* a t  295K i s  i l l u s t r a t e d  in  F ig u re  4*1 and th e
resonance frequencies  a t  th i s  tem perature a re  l i s t e d  in  Table 4*1
1 2to g e th e r w ith equ ivalen t data  fo r  N^P^Cl^. 9 The species 
N^P^Cl^ i s  known to  be in  a  very s l ig h t  c h a ir  conformation in  
the s o lid  and each molecule i s  b isec ted  by a m irro r plane*
The number and in te n s i t i e s  o f the n*q*r* s ig n a ls  are  in  keeping 
with t h i s  c h a ir  conform ation, and the  r e la t iv e ly  narrow range o f 
frequencies ( < 0 . 4  MHz) i s  co n s is ten t w ith small packing 
d iffe ren ces  in  th e  c ry s ta l*  No s tru c tu ra l  data  i s  av a ilab le  
fo r  N^P^Clj-NHPr1 , but the =PC12 s ig n a ls  ( f a l l
w ithin the expected frequency range fo r  a cy c lo trip h o sp h aza trien e•
The ^PClNHPr1 resonance frequency, ,  i s  w ithin  the frequency 
band a t t r ib u te d  to  am ino-substitu ted  cyclophosphazenes in  
Chapter I I  of th i s  work* However i t  i s  no t apparent from the 
room tem perature da ta  which o f the =  PCl^ resonances should be 
assigned to  ch lo rin e  atoms c i s  -  and tra n s  -  to  the bulky NHPr* group.

Table 4*1
C h lo rin e  -  55 n u c le a r  quadrupo le  re so n an ce  f re q u e n c ie s  f o r  
th e  c h lo ro c y c lo tr ip h o s p h a z a tr ie n e s  N^P^Clg and N^P^Cl^NHPri  a t  
29 5K.
Compound Resonance n*q*r* freq u en cy  (M.Hz. )  — 
H jP jC lg  V 1 27.608  2
2 27.684 1
N>, 27 .812  1
27.880
H J 1 C ljSH Pr1 V 1 24 .620
2 6 . 1 1 1
26.352
V 4 27.049
V j  27 .148
2
a  S u p e r s c r ip ts  den o te  r e l a t i v e  i n t e n s i t i e s *
4«2 C h lo rin e  -  55 n u c le a r  quadrupole  reso n an ce  s p e c tr a  o f
N^P^Cl^ and N^P^Cl^NHPr^ s u b je c te d  to  h y d r o s ta t ic  p re s s u re
The e f f e c t s  o f  p re s s u re  on th e  c h lo r in e  -  35 n u c le a r  quadrupole
reso n an ce  f re q u e n c ie s  a t  295K in  N -P-Cl^ and in  N_P_Cl1_NHPri  a re3 3 0  3 3 3
shown in  F ig u re s  4*2 and 4*3 r e s p e c t iv e ly ,  and th e  c o rre sp o n d in g
p o ly n o m ia ls , r e l a t i n g  freq u en cy  to  th e  a p p l ie d  p re s s u re  a re  g iven
in  T able 4*2. W ith in  th e  p re s s u re  range  s tu d ie d  th e  p lo t  f o r  each
/dVreso n an ce  i s  a  s t r a i g h t  l i n e ,  t h a t  i s  f o r  th e s e  s o l id s l^ p
-2i s  in d ep en d en t o f  p re s s u re  w ith in  th e  ran g e  1 4  P 4  1000 Kg.cm .
The e f f e c t s  o f  a p p l ie d  p re s s u re  on th e  f re q u e n c ie s  o f  th e s e  s ix -  
membered r in g  system s a re  a ls o  q u ite  d i f f e r e n t  from th e  c o rre sp o n d in g  
e f f e c t s  on th e  f r e q u e n c ie s  o f  th e  four-m em bered r in g  system s which 
we have a lre a d y  r e p o r te d ,  and so can be u sed  to  d is c r im in a te  
betw een th e  t r i g o n a l  b ip y ram id a l P -  Cl system s in  th e  c h lo ro c y c lo -  
d iphosphazanes and th e  t e t r a h e d r a l  P -C l system s in  th e  c h lo ro c y c lo -  
t r ip h o  s p h a z a tr ie n e  s •
The e f f e c t s  o f  p re s s u re  on each  o f  th e  fo u r  o b serv ed  re so n a n c e s
in  N-P-jCl/: a re  v e ry  s im i la r  and th e s e ,  in  t h e i r  tu r n ,  a re  v e ry3 3 b
s im i la r  to  th e  e f f e c t s  o f  p re s s u re  on and in  N^P^Cl^NHPr •
F u rth e rm o re , f o r  each  o f  th e s e  re so n an ces  (rrH  i s  p o s i t i v e .
'T  -  29 5K
However th e  e f f e c t s  o f  p re s s u re  on th e  and V , s ig n a l s  in^ j
i  /2V \N^P^Cl^NHPr a re  q u i te  d i f f e r e n t  and f o r  th e s e  re so n a n c e s  ^£pyT -295K
i s  n e g a t iv e .
As s t a t e d  above , in  N.P^ClcNHPr1 th e  V freq u en cy  must be
3 3 5 1
a s s ig n e d  to  th e  c h lo r in e  n u c le u s  in  th e  = PCINHPr* r e s id u e  w h ile  th e  
fo u r  o th e r  re so n a n c e s  in  t h i s  compound can n o t be a s s ig n e d  on th e  
b a s is  o f  th e  f re q u e n c ie s  o b se rv ed  a t  a tm o sp h eric  p r e s s u r e .  However,
T * 295K
th e  r e s u l t s  shown in  F ig u re s  4 .2  and 4#3 and th e  d a ta  in  T able
4 .2  su g g e s t t h a t  and sho u ld  be a s s ig n e d  to  th e  c h lo r in e  
atom s o f  th e  ^ P C lg  groups w hich l i e  on th e  same s id e  o f  th e  
r in g  a s  th e  bu lky  NHPr* f u n c t io n a l  g roup; and
a re  a s s ig n e d  to  th e  c h lo r in e  atom s w hich a re  on th e  o th e r  s id e  
o f  th e  c y c lo tr ip h o s p h a z a tr ie n e  r in g .
The n in e  c h lo r in e  n u c le i  in  th e se  two m o lecu les  which f in d  
th e m se lv es  in  s im i la r  s t e r i c  en v iro n m en ts , namely th o se  in  
N^P^Clt-NHPr* on th e  o p p o s ite  s id e  o f  th e  r i n g  from th e  bu lky  
a m in o -s u b s t i tu e n t  to g e th e r  w ith  a l l  s ix  c h lo r in e s  in  N -P-C l^, 
g iv e  r i s e  to  c h lo r in e  -  35 n . q . r .  f r e q u e n c ie s  which a re  a f f e c te d  
by p re s s u re  changes to  v e ry  s im i la r  e x t e n t s .
4 .3  The e f f e c t s  o f  te m p e ra tu re  changes on c h lo r in e  -  35 
n u c le a r  quadrupo le  reso n an ce  s p e c tr a  o f  
c h lo ro c y c lo tr ip h o s p h a z a tr ie n e s
The c h lo r in e  -  35 n u c le a r  quadrupole reso n an ce  f re q u e n c ie s
o f  N ,P ,C lr  have a lre a d y  been exam ined o v e r a  wide te m p e ra tu re  3 3 b  
1
ran g e  and i t  h a s  been shown th a t  no phase changes o c c u r w ith in  
th e  te m p e ra tu re  ran g e  7 7 ^  320K. I t s  quadrupole  reso n an ce  
f r e q u e n c ie s  can  th e r e f o r e  be r e l a t e d  to  te m p era tu re  by means o f  
th e  e q u a tio n
^ ) - a + b T + ~  4 .1
and th e  v a lu e s  o f  a  , b and c o b ta in e d  from l e a s t  sq u a re s  
a n a ly s e s  o f  d a ta  ta k e n  from r e fe re n c e  1  a re  l i s t e d  in  T ab le  4*5 
The c h lo r in e  asymm etry p a ra m e te rs  in  t h i s  m o lecu le  have a ls o  
been m easured  by Lucken and l i e  w ith in  th e  range  0 4  0 .0 2 .
F igure 4 .4  shows the e f f e c t s  o f  tem perature changes on
101.
27960
27920
27880
27810
27680
27600
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P re s s u re  (K g.cnT^)
Figure 4 .2  P lo t o f  c h lo r in e  -  35 n . q . r ,  freq u en cie s  v s ,  p ressure
fo r  N^P Clg a t  295*.
100 300 500 700 900
**2P re s s u re  (Kg.cm )
F ig u re  4 .3  P lo t s  o f  c h lo r in e  -  35 n . a . r .  f r e a u e n c ie s  v s .  p re s s u re
f o r  N_P_ClcNHPr* a t  295K.
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the f iv e  resonances observed in  the ch lorine -  35 nuclear
quadrupole resonance spectrum o f N_P_C1cNHPr*. I t  rev ea ls
5 5 5
a sharp phase change which occurs in  the cry s ta l structure o f
t h is  compound w ith in  the temperature range 230 4  T 4  235K,
and so i t s  resonance frequencies cannot be described by
equation 4»1 over the whole temperature range studied
(77 4  T 4  350K). This phase change might have been predicted
from the negative values o? I which were observed for
T -  29 5K
and s in ce  iso tr o p ic  ap p lica tion  o f  pressure to  a
2 5
m olecular s o lid  should reduce the v ib ra tio n a l amplitudes o f the 
quadrupolar n u c le i, and hence should increase nuclear quadrupole 
resonance freq u en cies. In a system where **l i s  n e g lig ib ly  sm all,
a  n e g a t iv e  v a lu e  o f  im p lie s  t h a t  s h e a r in g  movements o f
T
e l e c t r i c  d ip o le s  o ccu r in s id e  th e  s o l id  in  o rd e r  to  overcome th e  
e x p e c te d  p o s i t iv e  c o n t r ib u t io n  from an i s o t r o p ic  a p p l ic a t io n  o f
/ 9 v \p r e s s u r e .  I f  a  s o l id  which h a s  a  n e g a t iv e  v a lu e  o f  
am bient te m p e ra tu re  i s  s u b je c te d  to  a  s u f f i c i e n t l y  h ig h  p re s s u re  
th e n  i t  must undergo a  phase change. The a p p a ra tu s  h a s  o b v io u s ly  
been u n ab le  to  g e n e ra te  p re s s u re s  which a r e  h ig h  enough to  fo rc e  
th e  phase  change in  N^P^Cl^NHPri , bu t th e  i n t e r n a l  p re s s u re s  
g e n e ra te d  a s  th e  s o l id  i s  co o le d  th ro u g h  th e  te m p e ra tu re  range 
230 4  T 4  235K a r e  h ig h  enough to  do so .
V alues o f  a ,  b and c o b ta in e d  by l e a s t  sq u a re s  a n a ly se s  o f  
th e  reso n an ce  f re q u e n c ie s  f o r  N^P^Cl^NHPr1 o v e r th e  te m p e ra tu re  
ran g e  240 4  T 4  320K a re  g iv en  in  T able 4*5* V alues o f  th e  
p a r t i a l  d i f f e r e n t i a l  c o e f f i c i e n t s
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107.
f o r  each reso n an o e  i n  N-.P-.Cl, and N-1P~1C lirNHPr1 a r e  a ls o  l i s t e d *3 3 o 3 3 5
The t a b l e  shows t h a t  th e  e f f e c t s  o f  te m p e ra tu re  changes on th e  quad­
ru p o le  re so n an ce  f r e q u e n c ie s  o f  th e  c h io ro c y c lo p h o sp h a z a tr ie n e s  a re  
ouch l a r g e r  th a n  th e  c o rre sp o n d in g  e f f e c t s  on  th e  c h lo ro c y c lo d ip h o sp h a z a n e s ,
( d » \The v a lu e s  o f h r s ) «  ,  o b ta in e d  can  be  compared w ith  v a lu e s
' 0 -295K
c a lc u la te d  on th e  assu m p tio n  th a t  o n ly  one mode o f  v ib r a t io n  in f lu e n c e s  
th e  n * q * r . f r e q u e n c ie s ,  and t h i s  h a s  been  done f o r  N^P^Cl^ i n  T ab le  4 .4 .
A r i g i d  l i b r a t i o n a l  m otion  o f  th e  whole m o lecu le  a t  a  f re q u e n c y  o f
—1 1 \
23cm i s  c o n s i s te n t  w ith  th e  o b se rv ed  v a lu e s  o f 295K* a s  8,180
i s  a  lo c a l i s e d  — PCl^ b en d in g  mode a t  a  fre q u e n c y  i n  th e  ra n g e  
55 < V < 60cm , o r  a  l i n e a r  com bination  o f  th e s e  two modes* These 
f re q u e n c ie s  a r e  i n  b ro ad  agreem ent w ith  th e  o b serv ed  i n f r a - r e d  spec trum
5
o f  t h i s  compound w hich shows two g roups o f  low fre q u e n c y  modes w ith in
—1th e  ra n g e s  23 — 28 cm and 42  -  59 cm *
I n  th e  c a se  o f  I L P ^ d .  HHPr* th e  s i t u a t i o n  seems to  be much more
3 3 5
com plica ted*  In  t h i s  c a se  we have c o n s id e re d  each  n u c le u s  s e p a r a te ly  
and have  worked o u t th e  f r e q u e n c ie s  o f  r i g i d —body l i b r a t i o n a l  m o tions 
and o f  b end ing  modes w hich a r e  r e q u ire d  i n  o rd e r  to  acco u n t f o r  th e
l ^ v \in d iv id u a l  v a lu e s  o f  w hich a r e  o b ta in e d  e x p e rim e n ta lly *  The
r e s u l t a n t  f r e q u e n c ie s  a r e  g iv e n  in  th e  fo o tn o te  to  T ab le  4 .5 *  As i n  
th e  p r e s s u r e  ex p erim en ts  th e  d a ta  a g a in  a p p e a r to  f a l l  in to  two g ro u p s , 
th e  f i r s t  b e in g  a s s o c ia te d  w ith  V ^, ^  and  and th e  second w ith
^2  and V^* T here i s  more s c a t t e r  h e re ,  and th e  v ib r a t i o n a l  
f r e q u e n c ie s  a r e  low er th a n  th o s e  deduced f o r  H^P^Clg* I t  seems t h a t  
i n  N^P^Clj. HHPri  r i g i d  l i b r a t i o n a l  m otions o f  th e  whole m o lecu le  may 
be more s i g n i f i c a n t ,  and m o tions w hich in v o lv e  th e  b u lk y  HHPr* 
s u b s t i tu e n t  may be  im p o rta n t i n  a c c o u n tin g  f o r  th e  e f f e c t s  o f  
te m p e ra tu re  on th e  c h lo r in e  — 35 n u c le a r  q u ad ru p o le  re so n an ce  
f re q u e n c ie s *
Table 4*4
C o effic ien ts  of r a te  of change of N.Q.R. frequency with
tem perature fo r  each resonance in  N^P^Clg. The ( jp f j' values
found from the tem perature and pressure dependent s tu d ie s  are
l i s t e d ,  to g e th er with c a lcu la ted  values which are determined
by assuming th a t  only the v ib ra tio n a l frequencies l i s t e d  co n trib u te
to  the tem perature dependence of the N.Q.R. frequencies. A ll
-1values given are  in  u n its  of Hz.K .
^ 2  ^ 3  ^4
( d v )Experimental I - 2477 -2255 -2425 -2083
C alculated  assuming th a t
the only v ib ra tio n a l modes which 
co n trib u te  a re :
( i )  55 cm"1 PCl^ bending mode -2439  -2455  -2461  -2472
( i l )  23 cm 1 l ib ra t io n a l  motion o f -2371  -2365  -2393  -24 0 3
the e n t ire  molecule.
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4*4 E v a lu a tio n  o f  a p p a re n t v ib r a t io n a l  a m p litu d e s  from 
quadrupole reso n an ce  d a t a *
The a n a ly s i s  employed h e re  can r e a d i ly  be ex ten d ed  to  check 
w hether la rg e  am p litude  m o tions a re  o f  s ig n if ic a n c e  in  
N^P^Cl^ NHPr* by c a l c u la t in g  th e  a p p a re n t mean sq u are  am p litu d e  
o f  v ib r a t io n ,  , f o r  each c h lo r in e  atom in  th e  m o lecu le .
T h is  i s  p o s s ib le  because i t  i s  im p l i c i t  i n  th e  d e r iv a t io n  o f  th e  
Bayer ty p e  d f  a n a ly s i s  t h a t  ^ 0  ^  can be w r i t t e n  in  th e  form
<9 2>
\  2 exp(hV  / t r ) -  1 j  4 .2
i  + ---------— L
where a l l  th e  sym bols u sed  have th e  m eanings d e f in e d  in  th e  
p re v io u s  c h a p te r ;  ^ 0 ^  i s  d e f in e d  a s  th e  tim e av erag e  v a lu e  o f  
th e  sq u are  o f  th e  an g le  o f  i n c l in a t io n  o f  th e  maximum p r in c ip a l  
a x i s  o f  th e  f i e l d  g ra d ie n t  te n s o r  r e l a t i v e  to  i t s  e q u i lib r iu m  
d i r e c t io n .  In  th e  h ig h  te m p e ra tu re  l i m i t  h'lh kT, so t h a t
e q u a tio n  4*2 s im p l i f i e s  to  
< & 2>  =  - kT
4 'ft'2 V . 2 I
2 T b *
2 1  ' 4 . 3
w here, a s  b e fo re ,  VQ i s  th e  quadrupo le reso n an ce  freq u en cy  f o r  
th e  s t a t i c  l a t t i c e ,  in  th e  absence o f  even z e ro -p o in t  v ib r a t io n s .  
The v a lu e s  o f  < e 2>  c a lc u la te d  in  t h i s  way m ust c o n ta in  c o n t r i ­
b u tio n s  from a l l  modes w hich c o n t r ib u te  to  th e  te m p e ra tu re  
dependence o f  th e  n . q . r .  f re q u e n c y , n o t a l l  o f  whifch a re  co nce rned
Table 4 .6
Mean sq u a re  v ib r a t io n a l  a o p litu d .e s , , f o r  th e
c y c lo tr ip h o s p h a z a tr ie n e s  N^P^Cl^ and N^P^Cl^HHPr1 and f o r  
th e  cy c lo d ip h o sp h azan es (Cl^PNCH^)^ and (Cl^PNPh)^, c a lc u la te d  
from  th e  e x p re s s io n
<e ‘> “  & A & 1
T -  295K
Compound Resonance { j d  ( r a d ia n s ) ^
N3P3C16 0,01695
V 2 0.01548
V 3 0.01645
V 4 0.01407
N .P.C l.H H Pr1
3 3 5 * 1 0.03663
V 2 0.04605
V 3 0.05425
0.03697
V 5
0.02826
( c i3phch3 ) 2 ^ 1  a x ia l 0 .01054
^  2 e q u a to r ia l 0 .01170
e q u a to r ia l 0 .01163
(C l3PHPh)2 V  ^ a x i a l 0.01483
V g e q u a to r ia l 0 .01259
V ^ e q u a to r ia l 0 .01442
w ith  m otion  o f  th e  n u c leu s  u n d e r c o n s id e r a t io n .  I t  fo llo w s  
t h a t  th e  v a lu e  o f  ^  o b ta in e d  from  q u ad ru p o le  re so n an ce  
d a ta  w i l l  i n  g e n e ra l be  l a r g e r  th a n  th e  t r u e  mean sq u a re  
a m p litu d e  o f  v ib r a t i o n .
A pparent v ib r a t io n a l  a m p litu d e s , < e 2>  , have been  
c a lc u la te d  a s  d e s c r ib e d  above from  th e  q u ad ru p o le  re so n an ce  
d a ta  i n  T ab le  4*3 and th e  r e s u l t s  o b ta in e d  f o r  th e  c y c lo t r ip h o s -  
p h a z a tr ie n e s  N^P^Cl^ and N^P^Cl^NHPr a r e  g iv e n  i n  T ab le  4*6 
D ata  f o r  th e  cy c lo d ip h o sp h azan es  (Cl^PNCH^)^ and (Cl^PNPh)^ i s  
in c lu d e d  f o r  com parison .
Once a g a in  th e  two cy c lo d ip h o sp h azan es (Cl^PNCH^)^ and 
(Gl^PNPh)^ show v e ry  s im i la r  b e h a v io u r . The a p p a re n t v ib r a t io n a l  
a m p litu d e s  c a lc u la te d  f o r  N^P^Clg a r e  s l i g h t l y  l a r g e r ,  b u t s t i l l  
w ith in  th e  same ra n g e .  The s i t u a t i o n  found  f o r  N^P^Cl^HHPr1 i s  
s i g n i f i c a n t l y  d i f f e r e n t  how ever. I n  t h i s  c a se  th e  re so n a n c e s  
a g a in  f a l l  i n to  two g ro u p s , th e  a p p a re n t v ib r a t io n a l  a m p litu d es  
o f  th e  Vg and s ig n a l s  b e in g  much l a r g e r  th a n  th o s e  o f
, V . and ; th e  v a lu e s  f o r  a l l  f i v e  re so n a n c e s  i n  t h i s  1 f 4  5
compound a r e  l a r g e r  th a n  th o s e  found f o r  th e  o th e r  compounds 
i n  T ab le  4 .6 .  The l a r g e r  a p p a re n t v ib r a t io n a l  a m p litu d e s  f o r
th e  c h lo r in e  n u c le i  i n  IL P ,C lRNHPr* show t h a t  l a r g e  s c a le3 3 5
v ib r a t io n a l  m o tio n s , p o s s ib ly  in v o lv in g  th e  b u lk y  s id e c h a in ,  a r e  
im p o rta n t i n  t h i s  c a s e  i n  a f f e c t in g  th e  n . q . r .  f r e q u e n c ie s  i n  
th e  s o l i d .  T h is  i s  n o t s u r p r i s in g  s in o e  th e  compound i s  above 
th e  p h ase  change r e g io n  and so h a s  a  r e l a t i v e l y  open c r y s t a l  
s t r u c t u r e ,  and a t  room te m p e ra tu re  i s  q u i t e  c lo s e  to  i t s  m e ltin g  
p o in t  (5 5 °C ).
4 .5  C onclusions
In  t h i s  c h a p te r  th e  e f f e c t s  o f  te m p e ra tu re  changes and 
p re s s u re  changes on th e  c h lo r in e  — 35 n . q . r .  s p e c t r a  o f  th e  
c h lo ro c y c lo tr ip h o s p h a a a tr ie n e s  N^P^Cl^ and N^P^Cl^NHPr^ have 
been  e x te n s iv e ly  in v e s t ig a t e d .  I t  h as  been  found t h a t  a  
sh a rp  phase  change o c c u rs  i n  N^P^Cl^HHPr^ o v er th e  te m p e ra tu re  
ran g e  230 4  T 4  235^, presum ably  a s s o c ia te d  w ith  d i f f i c u l t y  in  
accommodating th e  b u lk y  s id e - c h a in  i n  th e  compact low—te m p e ra tu re  
l a t t i c e .  The re so n an ce  f r e q u e n c ie s  i n  b o th  compounds a r e  
l i n e a r  fu n c t io n s  o f  a p p l ie d  p re s s u re  w ith in  th e  ran g e  1 4  P 4 t 1000 
Kg. cm , so d i s t in g u is h in g  th e s e  s p e c ie s  from  th e  cy c lo d ip h o s— 
phazanes s tu d ie d  e a r l i e r .  The a p p lie d  p re s s u re  a ls o  d is c r im in a te s  
betw een th e  two k in d s  o f  c h lo r in e  atoms i n  th e  ^ P C lg  g roups in  
ILP^Cl-EHPr1 .  Indeed  th e  p r e s s u re  a f f e c t s  th e  re so n an ce  f r e q u e n c ie s  
o f  th e  n in e  c h lo r in e  n u c le i  in  s im i la r  env ironm ents in  th e s e  confounds 
i n  a  v e ry  s im i la r  m anner, and th e s e  e f f e c t s  ap p ea r to  be c h a r a c t e r i s t i c  
o f  th e  f u n c t io n a l  g roups in v o lv e d .
The e f f e c t s  o f  p r e s s u re  and te m p e ra tu re  changes on th e  
c h lo r in e  — 35 q u ad ru p o le  re so n an ce  f re q u e n c ie s  i n  N^P^Clg can  be 
e x p la in e d  i n  te rm s o f  e i t h e r  a  r i g i d  l i b r a t i o n a l  m otion  o f  th e  w hole 
m o lecu le  a t  23 cm o r  a  l o c a l i s e d  = P C lg  ben d in g  mode a t  a
f re q u e n c y  i n  th e  ran g e  55 ^  ^  ^  60cm , o r  by a  l i n e a r  co m b in a tio n  
o f  th e s e  two modes; th e  a m p litu d es  o f  v ib r a t io n  c a lc u la te d  i n  t h i s  
c a se  how ever im ply  t h a t ,  a s  in  th e  c y c lo d ip h o sp h azan e s, th e  m ajo r 
in f lu e n c e  i s  t h a t  from  th e  l o c a l i s e d  b end ing  mode. In  U^P^Cl^HHPr1 
however th e  v ib r a t io n a l  a m p litu d es  o f  th e  c h lo r in e  atom s a p p ea r to  be 
much l a r g e r ,  im p ly in g  t h a t  i n  t h i s  c a se  l i b r a t i o n a l  modes i n  th e  ran g e  
13 <  V <  i8cm may p la y  th e  dom inant r o l e  i n  d e te rm in in g  th e
in f lu e n c e  o f  p r e s s u re  and te m p e ra tu re  on th e  n . q . r .  f r e q u e n c ie s .
4*6 E xperim en ta l
•Hie te c h n iq u e s  employed i n  s tu d y in g  th e  c h lo r in e  — 35 n . q . r .  
s p e c t r a  a s  a  f u n c t io n  o f  te m p e ra tu re  and p r e s s u re  w ere i d e n t i c a l  
to  th o s e  d is c u s s e d  i n  th e  p re v io u s  c h a p te r  o f  t h i s  w ork. Samples 
o f  N^P^Clg w ere o b ta in e d  com m ercia lly  and r e c r y s t a l l i s e d  b e fo re  
u s e ;  N^P^Cl^UHPr* was p re p a re d  a s  d e s c r ib e d  i n  th e  l i t e r a t u r e  
t h a t  i s  by th e  r e a c t io n  o f  w ith  iso p ro p y lam in e  i n  b o i l in g
c h lo ro fo rm .
Part II  : E lectron  Parara?ignetic Resonance Spectroscopy.
116.
C H A P T E R  V 
ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY
5.1  is i£ 2 -2 i2 ii2 iS
In  n u c le a r  q u ad rupo le  re so n an ce  s p e c tro sc o p y  th e  n u c le a r  
l e v e l s  a r e  s p l i t  a s  a  r e s u l t  o f  th e  i n t e r a c t io n  o f  th e  q u ad ru p o le  
moment o f  th e  n u c le u s  w ith  th e  e l e c t r i c  f i e l d  g r a d ie n t  which i t  
e x p e r ie n c e s 9 th e  l a t t e r  "being d e te rm in ed  by th e  p re se n c e  o f  th e  
o th e r  charged  p a r t i c l e s ,  b o th  e l e c t r o n s  and n u c le i ,  i n  th e  s o l i d .
The s i t u a t i o n  i n  e le c t r o n  p a ram ag n e tic  re so n an ce  sp e c tro sc o p y  i s  
fu n d a m e n ta lly  d i f f e r e n t  from  t h i s .  In  e le c t r o n  p aram ag n e tic  
re so n an ce  sp e c tro sc o p y  th e  m agnetic  d ip o le  moment o f  an  u n p a ire d  
e le c t r o n  i n t e r a c t s  w ith  m agnetic  f i e l d s  developed  by i t s  s u r ro u n d in g s . 
S in ce  th e  m agnetic  moment o f  an  e le c t r o n  i s  d e te rm in ed  by b o th  
s p in  and o r b i t a l  a n g u la r  momenta, i t  fo llo w s  th a t  e . p . r .  sp e c tro sc o p y  
can  be u sed  a s  a  pow erfu l p robe  f o r  exam ining  th e  e le c tro m a g n e tic  
p r o p e r t i e s  o f  m a t te r .
In  th e  p r e s e n t  c h a p te r  th e  i n t e r a c t i o n  o f  th e  e l e c t r o n ic  
m agnetic  moment w ith  a  m agnetic  f i e l d  i s  c o n s id e re d  and th e  
fo rm alism  o f  th e  s p in  H am ilto n ian  i s  d ev e lo p ed . A tte n t io n  i s  
fo c u sse d  on system s in  w hich one u n p a ire d  e le c t r o n  i n t e r a c t s  w ith  
one m agnetic  n u c le u s  in  th e  m o lecu le .
5 .2  The Zeeman i n t e r a c t i o n
The m agnetio  moment o f  an  e le c t r o n  depends on i t s  a n g u la r  
momentum G, w hich i n  i t s  tu r n  o r ig in a te s  i n  b o th  i t s  i n t r i n s i c  
s p in  and i t s  o r b i t a l  m o tio n . F o rm ally  th e  m agnetic  moment, , 
f o r  an  e l e c t r o n  i n  an  i s o l a t e d  atom i s  r e l a t e d  to  G by th e  e x p re s s io n
yU -  -  y  e G 5.1
w here Y  i s  known a s  th e  m agnetogyric  r a t i o  o f  th e  e l e c t r o n  e
and i s  d e f in e d  by
ge e
^ e  “  T m c 5 .2
I n  t h i s  e x p re s s io n  e and m a re  r e s p e c t iv e ly  th e  ch a rg e  and mass 
o f  th e  e le c t r o n ,  c i s  th e  v e l o c i ty  o f  l i g h t ,  and g i s  th e  
e l e c t r o n i c  g  f a c t o r  w hich e q u a ls  1 and 2.00232 f o r  th e  o r b i t a l  and 
s p in  a n g u la r  momentum r e s p e c t iv e ly .
The H am ilto n ian  f o r  th e  m agnetic  energy  a s s o c ia te d  w ith  
th e  i n t e r a c t i o n  o f  an  u n p a ire d  e le c t r o n  and a  m agnetic  f i e l d  H 
i s  g iv e n  by
a m -  £ .  h
■ - a  H
■ ee Pe Sz H 5.3
p ro v id e d  th e  c a r t e s i a n  z — a x is  c o in c id e s  w ith  th e  d i r e c t i o n  
o f  H. Ih e  e l e c t r o n i c  Bohr m agneton, i s  a  c o n s ta n t  equal
to  eK (2mc) , and Sz i s  th e  s p in  o p e ra to r  w hich d e f in e s  th e
z - a x i8  component o f  th e  e l e c t r o n 9s  a n g u la r  momentum. I n  an
a p p l ie d  f i e l d  th e  v a lu e  o f  S can  be e i t h e r  — i  o r  +  ijr , th ez
e n e rg ie s  o f  th e  two r e s u l t a n t  s t a t e s  b e in g  — i  g Q and gQ p
r e s p e c t iv e l y .
I f  a  sm all o r b i t a l  c o n t r ib u t io n  to  param agnetism  i s  p r e s e n t  
th e  i n t e r a c t i o n  w ith  th e  f i e l d  can  s t i l l  be fo rm a lly  d e s c r ib e d  
by e q u a tio n  5*3 i f  i t  i s  assumed t h a t  th e  m agnetic  moment a r i s e s  
e n t i r e l y  from  th e  s p in  o f  th e  e l e c t r o n  and th e  sm a ll o r b i t a l  
c o n t r ib u t io n  i s  ta k e n  in to  th e  e f f e c t iv e  g  f a c t o r  w hich th u s  
d e v ia te s  from  th e  s p in  o n ly  v a lu e , and becomes o r i e n t a t i o n  
d e p e n d e n t. I n  t h i s  app roach  th e  e x p e rim e n ta l r e s u l t s  a r e
acco u n ted  f o r  "by d e s c r ib in g  th e  i n t e r a c t io n  betw een th e  e l e c t r o n  
and th e  m agnetic  f i e l d  i n  te rm s o f  a  H am ilto n ian  w hich c o n ta in s  
o n ly  s p in ,  and n o t o r b i t a l ,  o p e r a to r s ,  th e  Zeeman c o n t r ib u t io n  
to  t h i s  H am ilto n ian  th e n  becom ing
w here g  i s  now a  second ran k  te n so r*
S in ce  th e  co n cep t o f  th e  " s p in  H am ilto n ian "  i s  so  c e n t r a l  
to  th e  i n t e r p r e t a t i o n  o f  e l e c t r o n  p aram ag n e tic  re so n an ce  s p e c t r a ,  
i t s  developm ent, f o r  system s in  w hich th e  u n p a ire d  e le c t r o n  
i n t e r a c t s  w ith  o n ly  one m agnetic  n u c le u s , i s  d is c u s s e d  i n  some 
d e t a i l  i n  th e  fo llo w in g  s e c tio n s*
5*3 The s p in  H am ilto n ian
From Kramer8 theorem  we know th a t  th e  ground s t a t e  o f  a  
m o lecu le  w ith  one u n p a ire d  e le c t r o n  i s  a  s p in  d o u b le t i n  th e  
absence  o f  an  a p p lie d  m agnetic  f i e l d ,  so  t h a t  th e  ground s t a t e  
w a v e fu n c tio n s , in  th e  absence  o f  s p in - o r b i t  c o u p lin g , may be ta k e n  
to  be  r e a l  w av efu n c tio n s  w ith  no o r b i t a l  m agnetic  moment* These 
axe d en o ted  by 0  o*. and • S p in -o rb i t  c o u p lin g , d e f in e d  by
th e  H am ilto n ian
w a v e fu n c tio n s , w hich a r e  s t i l l  d e g e n e ra te , can  be  found  from  f i r s t  
o rd e r  p e r tu r b a t io n  th e o ry  to  be
-  / i e  H. g .  S 5 .4
w here % i s  th e  s p in - o r b i t  c o u p lin g  c o n s ta n t ,  r e i n s t a t e s  a  sm all 
amount o f  o r b i t a l  param agnetism  by m ix ing  in  e x c i te d  s t a t e s
in to  th e  ground s t a t e  w avefunction*  The new ground s t a t e
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I f  th e  m o lecu le  i s  p la c e d  i n  a  m agnetic  f i e l d  th e n  th e  t r u e  
form  o f  th e  Zeeman H am ilto n ian , w hich d e s c r ib e s  th e  i n t e r a c t i o n  
o f  th e  im p a ire d  e le c t r o n  w ith  th e  f i e l d ,  i s  g iv e n  by
-  /*e I -  +
"  Hz <geSz + Lz> + P e Hy  <geSy  +  Ly> + ^ Hx <geSx  +  Lx>
5 .7
w here g i s  th e  s p in -o n ly  g v a lu e  o f  2 .0 0 2 3 2 . T h is  Zeeman e
i n t e r a c t i o n  removes th e  degen eracy  o f  th e  j and | b a s is
w a v e fu n c tio n s . The m a tr ix  e lem en ts o b ta in e d  when o p e ra te s2s
on th e s e  fu n c t io n s  can  now be im m ediate ly  w r i t t e n  down ; f o r  
in s ta n c e
< +  l ^ z  I - >  = K  r  <+ l g eSz + Lz I - >  Hz -  < + l geSy  + Ly  I ~ >  H,
+ < + l geSx + Lx I " >  H: 5 .8
These e x p re s s io n s  can  be c o n s id e ra b ly  s im p l i f ie d  s in c e  th e  
H e rm itian  p ro p e r ty  o f  a n g u la r  momentum o p e ra to r s  a llo w s  th e  
fo llo w in g  s u b s t i t u t i o n s  to  be made
< +  I ge Sj  +  Lj  I + > "  “  < “  l geSj  +  Lj  I " >  "  I  6  j z
< + I ge Sj  +  Lj  I - >  ’  < ’  l s e Sj  +  Lj  I + >  * “  2 (g jx  +  ig jy>
5 .9
The form of th ese  su b s ti tu tio n s  i s  determined by the  f a c t  th a t  
diagonal m atrix  elements rep resen t th e  expecta tion  values of 
a  re a l  v a r ia b le , and so must be r e a l ,  w hile th e  o ff-d iagonal 
m atrix  elements may be im aginary.
In  terms of th ese  s u b s titu tio n s  the  m atrix  elements of 
the Hamiltonian now become
5.10
The m atrix  elements here are  ex ac tly  th e  same as those which 
would be obtained by d efin in g  a f i c t i t i o u s  sp in  o p era to r S which
tru e  sp in  o p era to r a c ts  on the  o<- and ^  s ta te s ,  and by using  a 
Ham iltonian o f th e  form
where g i s  a second rank tensor*
Thus i t  i s  p o ssib le  to  o b ta in  expressions fo r  the  Zeeman 
energy o f the system by considering  th e  s ta r t in g  s ta te s  to  be 
pure sp in  s ta te s  and by u sin g  a  Hamiltonian co n ta in in g  only sp in  
o p e ra to rs , known as the  sp in  Hamiltonian* By comparing th e  
elements o f th e  sp in  Hamiltonian with those of the  t ru e  Ham iltonian,
&> H » e y
would a c t on th e  s ta te s  | and ] — y  in  th e  same way as the
• K  -  /9e H. g .  s 5.11
i t  can  be shown t h a t  in  g e n e ra l
n 5.12n o
and i t  fo llo w s  from  th e  H erm itian  p r o p e r t i e s  o f  th e  a n g u la r  
momentum o p e ra to r s  t h a t  th e  g  — te n s o r  i s  symme t r i c ,
5*4 'The h y p e r f in e  i n t e r a c t i o n
I f  an  u n p a ire d  e l e c t r o n  i s  i n  th e  v i c i n i t y  o f  a  n u c le u s  w hich 
h a s  a  m agnetic  moment th e n  th e r e  i s  an  i n t e r a c t i o n  betw een th e  
m agnetic  moment o f  th e  e l e c t r o n  and t h a t  o f  th e  n u c le u s .  T here a r e  
th r e e  q u i t e  d i s t i n c t  c o n t r ib u t io n s  to  t h i s  i n t e r a c t i o n .
The f i r s t  o f  th e s e  i s  th e  s o - c a l l e d  Ferm i c o n ta c t  i n t e r a c t i o n  
w hich i s  i s o t r o p i c  and a r i s e s  from  th e  p re se n c e  o f  u n p a ire d  e le c t r o n  
s p in  d e n s i ty  a t  th e  m agnetic  n u c le u s  i n  c a se s  where th e  w av efu n c tio n  
o f  th e  e l e c t r o n  h a s  a  f i n i t e  v a lu e  a t  th e  n u c le u s  o r  w here th e r e  i s  
a  p o l a r i s a t i o n  o f  th e  p a i r e d  S e le c t r o n s  ab o u t th e  n u c le u s  by th e  
u n p a ire d  e l e c t r o n .  T h is  i n t e r a c t i o n  may be r e p re s e n te d  by a  
H am ilto n ian  o f  th e  form
th e  e l e c t r o n i c  w av e fu n c tio n 9 g iv e s  th e  sq u a re  o f  th e  v a lu e  o f  th e  
w av efu n c tio n  a t  th e  n u c le u s .
The second  c o n t r ib u t io n  to  th e  h y p e r f in e  i n t e r a c t i o n  i s  an  
a n i s o t r o p ic  c o n t r ib u t io n  which a r i s e s  from  d i r e c t  d ip o la r  c o u p lin g  
betw een th e  s p in  m ag n e tic  moments o f  th e  e l e c t r o n  and th e  n u c le u s ,  
H iis  i s  e s s e n t i a l l y  th e  c l a s s i c a l  i n t e r a c t i o n  o f  two d ip o le s  
and yMjj  s e p a ra te d  by  a  d is ta n c e  r .  The H am ilto n ian
5 .1 3
w here ¥  ( r ^ )  i s  th e  D ira c  d e l t a  f u n c t io n  w hich , in t e g r a te d  o v e r
r e p r e s e n t in g  th e  energy  o f  t h i s  s p in - d ip o la r  i n t e r a c t i o n  may­
be w r i t t e n
2 - 5
r  5 .1 4^  S I ~  s e %  e P  N r  — *” ^ (Ji* l )  (£.* i ^
The f i n a l  c o n t r ib u t io n  to  h y p e rf in e  c o u p lin g  a r i s e s  from  th e  
i n t e r a c t i o n  o f  th e  o r b i t a l  m agnetic  moment o f  th e  e l e c t r o n  w ith  
th e  n u c le a r  m agnetic  d ip o le  and i s  g iv e n  "by th e  H am ilto n ian
* l i  ■ ^ Z 3 .  r " 3 b l  5 - 15
I t  can  now r e a d i ly  be shown th a t  th e  t o t a l  h y p e r f in e  
i n t e r a c t i o n ,  a r i s i n g  a s  above, can  be r e p re s e n te d  by  a  s p in  
H am ilto n ian  o f  th e  form
V -  ** S . A* I  5*16
w here A i s  a  sym m etrica l second ran k  te n so r*  Thus th e  energy  
o f  th e  system , in c lu d in g  b o th  Zeeman and h y p e r f in e  i n t e r a c t io n s  
can  be  e x p re sse d  in  te rm s o f  th e  s p in  H am ilto n ian
H  -  H* g .  S +  S . A. I 5 .1 7
5*5 The q u a d ru p o la r  i n t e r a c t i o n
As d is c u s s e d  e a r l i e r  th e  i n t e r a c t i o n  o f  a  n u c le a r  e l e c t r i c  
q u ad ru p o le  moment w ith  th e  g r a d ie n t  o f  th e  e l e c t r i c  f i e l d  a t  th e  
n u c le u s  r e s u l t s  i n  a  m ix ing  o f  n u c le a r  s p in  s ta t e s *  In  e*p*r* 
th e  n e t  e f f e c t  o f  a  q u a d ru p o la r  i n t e r a c t i o n  p ro d u ces  a  second 
o rd e r  s h i f t  i n  th e  energ y  l e v e l s ,  and makes n o rm a lly  fo rb id d e n  
t r a n s i t i o n s  i n  w hich th e  e l e c t r o n  and n u c le a r  s p in s  change 
s im u lta n e o u s ly  become w eakly  allow ed* The q u a d ru p o la r  i n t e r a c t i o n  
does n o t c au se  any  change i n  th e  p o s i t i o n  o f  th e  re so n a n c e  l i n e s  
when th e  s te a d y  m agnetio  f i e l d  l i e s  p a r a l l e l  to  th e  symmetry a x is
o f  th e  p a ram ag n e tic  s p e c ie s ,  h u t i t  does cau se  such changes
when th e  m agnetic  f i e l d  i s  n o t p a r a l l e l  to  th e  Z -a x is ,  and in
a d d i t io n  th e  r e s u l t i n g  n u c le a r  h y p e r f in e  l i n e s  a re  th e n  u n e q u a lly  sp aced .
The s p in  H am ilto n ian  r e p r e s e n t in g  t h i s  i n t e r a c t i o n  can  he
w r i t t e n
w here P i s  th e  q u ad ru p o le  c o u p lin g  te n s o r ,  whose com ponents a re  
o f  th e  form
p -  5 - '21(21 -  1)
Thus th e  t o t a l  s p in  H am ilto n ian  f o r  a  complex i n  w hich one 
u n p a ire d  e le c t r o n  i n t e r a c t s  w ith  one n u c le u s , and in  w hich th e  
o r h i t a l  c o n t r ib u t io n  to  th e  m agnetic  moment o f  th e  e l e c t r o n  i s  
s m a ll,  can  he  w r i t t e n  a s  th e  sum o f  e q u a tio n s  5*17 and 5*18.
I f  i t  i s  p o s s ib le  to  choose an  a x is  system  w hich s im u lta n e o u s ly  
d ia g o n a l is e s  th e  g , A and P te n s o r s ,  th e n  th e  s p in  H am ilto n ian  
s im p l i f i e s  to
w here th e  summation i s  o v e r th e  p r in c i p a l  a x is  c o - o r d in a te s .
5 .6  S o lu t io n  o f  th e  s p in  H am ilto n ian
I t  i s  now p o s s ib le  to  o b ta in  e x p re s s io n s  from  th e  s p in  
H am ilto n ian  o f  e q u a t io n  5*20 f o r  th e  energ y  l e v e l s ,  and hence 
o b ta in  th e  t r a n s i t i o n  e n e rg ie s ,  f o r  a  s in g le  u n p a ire d  e l e c t r o n  
i n t e r a c t i n g  w ith  one m agnetic  n u c le u s .  I n  a  s o lu t io n  th e  
s i t u a t i o n  i s  p a r t i c u l a r l y  s im p le  s in c e  th e  r o t a t i o n  o f  th e  sy stem  
a v e ra g e s  o u t  th e  a n i s o t r o p ic  c o n t r ib u t io n s  to  th e  v a r io u s  te n s o r s  
so t h a t  th e  s p in  H am ilto n ian  becomes
Q -  I .  P . I 5.18
i
where
go “  i  ^  gi i  a™1 Ao -  i  Z  Ai i  5 .2 2
1 i
The q u a d ru p o la r  c o n t r ib u t io n  h a s  o f  c o u rse  v a n ish e d  s in o e  th e  
q u ad ru p o le  te n s o r  i s  t r a c e l e s s .  E ig en v a lu e s  o f  th e  H am ilto n ian  
i n  e q u a tio n  5*21 a r e  g iv e n  by
E » g / 3 m H  +  A m m _  + rt TTm_ &o I e s  o s  I  A 0H um_ ° » 2g s 9 I  °o r
1(1 + 1) -
5 .2 3
I n  th e  s o l id  s t a t e  th e  s i t u a t i o n  i s  c o n s id e ra b ly  more com plex.
I f  we assume t h a t  th e  a p p l ie d  m agnetic  f i e l d  H h a s  d i r e c t i o n  c o s in e s  
1 , m and n  w ith  r e s p e c t  to  th e  p r in c ip a l  axeB o f  th e  g  — te n s o r  th e n  
p ro v id in g  th e  same s e t  o f  axes d ia g o n a l is e s  a l l  th e  te n s o r s  th e  
H am ilto n ian  5*20 can  be r e w r i t t e n  a s
*  ■ /* .  (g z r  1S*  +  S y  mSy  + s -  11 s «> H
+ Z  <Ai i  5 i  h  *  p i i  xi £ ) 5 .2 41
w here i  •  x , y , z .  The en erg y  l e v e l s  and t r a n s i t i o n  e n e rg ie s  can
be found  from  t h i s  e x p re s s io n  by f i r s t  c o n s id e r in g  th e  Zeeman
i n t e r a c t i o n  a lo n e , and th e n  t r e a t i n g  th e  h y p e r f in e  and q u a d ru p o la r
te rm s a s  s u c c e s s iv e  p e r tu r b a t io n s .  The b a s i s  s t a t e s  f o r  th e
prob lem  a r e  o f  th e  form  j ot , m ^  and | £  , m ^  and we f in d
t h a t  th e  en erg y  m a tr ix  can  be  d ia g o n a lis e d  w ith  r e s p e c t  to  th e  Zeeman te rm
by c a r ry in g  o u t th e  tra n s fo rm a tio n
125.
I f  th e  d i r e c t i o n  c o s in e s  o f  z w ith  r e s p e c t  to  th e  x ,y  and z ax es
—1 —1 ->1 a r e  d e f in e d  to  be g  1 g  , g  mg and g ng  th e n  th exx yy  zz
Zeeman te rm  becomes * g  & HS , • The z ' a x i s  can  now bez 1 e z
chosen  a s  th e  a x is  o f  q u a n t is a t io n  f o r  th e  e l e c t r o n  s p in  f u n c t io n s
ot and ft , i n  which cane th e s e  s t a t e s  a re  e ig e n fu n c tio n s  o f  th e
+  1tra n s fo rm e d  Zeeman te rm  w ith  e n e rg ie s  o f  — — g  ^  H« Prom th e  
p r o p e r t i e s  o f  d i r e c t i o n  c o s in e s  i t  fo llo w s  th a t
2 2 -.2  ^ 2 2 2 2  c 
e  ‘  ex x 1 *  ®yy ” e™ n 3 ,2 6
The tra n s fo rm e d  h y p e r f in e  te rm  i n  th e  H am ilto n ian  now becomes
* S i(a„.A. 1  +  a 0„A I  + a , .A  I  ) + S .(a .-A . I  +  a 00A I  + a 0oA I  ) x '  11 xx  x 21 y y  y  31 zz z '  y /V 12 xx x 2 2 y y  y  3 2 z z  z 7
+  S , (a,-,A  I  +  a O0A I  +  a-^A I  ) +  P I  2 + P I  2 + P I 2 zM  13 e c  x 23 yy  y  33 zz z '  xx x  yy  y  zz z
5 .27
The h y p e r f in e  te rm  can  now be t r e a t e d  u s in g  n o n -d e g e n e ra te  
p e r tu r b a t io n  th e o ry ,  p ro v id in g  i t  h a s  no o f f -d ia g o n a l  m a tr ix  
e lem en ts  betw een s t a t e s  which a re  d e g e n e ra te  i n  ze ro  o rd e r ;  t h i s  
i s  done by u s in g  a  tr a n s fo rm a tio n  o f  th e  same ty p e  a s  t h a t  above 
(e q u a t io n  5 * 2 5 ). Rem aining te rm s , b o th  h y p e r f in e  and q u a d ru p o la r , 
can  su b se q u e n tly  be t r e a t e d  by  second o rd e r  p e r tu r b a t io n  th e o ry , 
and e n e rg ie s  o f  th e  j & , m ^  and j ft , s t a t e s  can  be
e v a lu a te d , a s  can  th e  e n e rg ie s  o f  th e  a llo w ed  t r a n s i t i o n s  f o r  w hich
A m  » i  1. A m . * 0» s  i
F o r th e  s p e c ia l  c a se  i n  which th e  f i e l d  l i e s  a lo n g  a  
p r in c i p a l  a x i s  d i r e c t i o n ,  th e  t r a n s i t i o n  e n e rg ie s  a r e  found  to  be
— J-U + i ;  -
* ii e '
( PM c “ P « ) 2 r
  --------
■ g i i
2A . ,  l i
f  21 ( I  +  1) -  Smj2 -  l j  B j 5*28
T his  e x p re s s io n  can  be r e c a s t  in  th e  form  needed f o r  th e  u su a l 
ex p e rim en ta l a rran g em en t, in  which th e  m agnetic  f i e l d  i s  sw ept 
w h ile  th e  microwave fre q u e n c y , and hence A e , i s  h e ld  c o n s ta n t ,  
to  g iv e  v a lu e s  f o r  th e  re s o n a n t f i e l d s  a s
w here th e  v a r io u s  p a ra m e te rs  a r e  now i n  u n i t s  o f  gauss*
5*7 L in esh ap es  o f  e l e c t r o n  p aram ag n e tic  re so n an ce  s p e c t r a  o f  
m a g n e tic a lly  d i l u t e  g la s s e s  o r  p o lv c r v s t a l l i n e  sam ples
As lo n g  a s  th e  sam ple u n d er in v e s t ig a t io n  i n  e le c t r o n  
p a ram ag n e tic  re so n an ce  sp e c tro sc o p y  i s  a  m a g n e tic a lly  d i l u t e  
s in g le  c r y s t a l  th e  s p e c t r a l  l i n e s  a r e  g e n e r a l ly  q u i t e  sh a rp  so 
t h a t  m easurem ent and a n a ly s i s  o f  th e  spec trum  i s  f a i r l y  s t r a i g h t ­
fo rw a rd . However i n  a  g la s s  o r  i n  a  m a g n e tic a l ly  d i l u t e  p o ly -  
c r y s t a l l i n e  sam ple th e r e  a r e  a  l a r g e  number o f  c r y s t a l l i t e s  
random ly o r ie n te d  w ith  r e s p e c t  to  th e  a p p l ie d  m agnetic  f i e l d *
The o b se rv ed  e*p*r* spec trum  i n  th e s e  c irc u m sta n c e s  i s  th e n  a  
summation o f  a l l  p o s s ib le  s p e c t r a ,  each one w eig h ted  by th e  
p r o b a b i l i t y  o f  a  c r y s t a l l i t e  b e in g  i n  t h a t  p a r t i c u l a r  o r ie n ta t io n *  
The ex p ec ted  l in e s h a p e  can  be  computed by c o n s id e r in g
th e  t r a n s i t i o n  p r o b a b i l i t i e s  a s  a  f u n c t io n  o f  o r i e n t a t i o n  to g e th e r
w ith  th e  p r o b a b i l i t y  o f  th e  m o lecu le  h a v in g  a  g iv e n  o r i e n t a t i o n
H
r e l a t i v e  to  th e  m ag n e tic  f i e l d  d i r e c t io n *  Kneubuhl h a s  t r e a t e d  
th e  c a s e  o f  a  m o lecu le  w ith  S ■ J  , I  * 0 *  The l in e s h a p e  fu n c t io n
S(H ), i s  ex p re sse d  i n  te rm s o f  th e  re s o n a n t f i e l d s  Hn »  h22 and
H ^ ,  w hich c o rre sp o n d  to  th e  p r in c i p a l  v a lu e s  o f  th e  g  f a c t o r ,  g ^ ,
g  aDl^  & r e s p e c t iv e ly *  Assuming th a t  H /^  < *22 < H11 th e n
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i n  th e  in t e r v a l  ^  H ^  S(H) i s  g iv e n  by
S(H)
2H H H 
11 22 33
1T h2 (H^1 -  h|> ) *  ( h2 -  h^3)*
w hereas i n  th e  i n t e r v a l  KU* > H > H ^»
K ( l ' )  5.30
S(H)
22
2H H H 
11 22 33 K(l)
Tr H2^  -  (h^ 1 -  H2^
In  th e s e  e x p re s s io n s  K (l)  i s  th e  s ta n d a rd  e l l i p t i c  in t e g r a l  
g iv e n  by
5.31
K(l) ir
dx
(1 -  l 2 s in 2 x  )*
J L
2
2 2
1 + ( j )  i  <■ ( £ £ )  i4 ♦ ------------- 5 .3 2
and
( ! ' ) 1 -  <H11 -  4 >  (» 2 -  5 .33
1 ( H ^  -  H2 ) (H22 -  H23 )
A b so rp tio n  th u s  o c c u rs  betw een and The fu n c t io n  S(H)
h a s  d i s c o n t i n u i t i e s  a t  H =* and a t  H « > i t  becomes
i n f i n i t e  a t  H * H22, w here 1 and l! b o th  equ a l one , and th e
e l l i p t i c  i n t e g r a l s  expand to  i n f i n i ty *
So f a r  i t  h a s  been  assumed t h a t  th e  e*p*r* t r a n s i t i o n s
a r e  i n f i n i t e l y  sharp*  I n  f a c t  l i n e  b ro ad en in g  does o c c u r , so
t h a t  i f  th e  l i n e s  a r e  assumed to  be G aussian  i n  sh ap e , th e
b roadened  l i n e  h a s  th e  form  S(H; ) where
S (H ') iH -  H33 S(H)Y (H -  h '  ) d H 5 .3 4H -  H11
The G au ssian  l in e s h a p e  fu n c t io n ,  Y (H — H*) i s  g iv e n  by
T ( H - H ' )  -(2 1 T  e x p [ -  (H -  Ho ) 2 (2 /3  J- 2 ]  5 .3 5
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s( h ' )
d S(h ' )
22
Figure 5»1
and th e  w id th  o f  th e  l i n e  i s  h e re  c o n t ro l le d  by th e  b ro ad en in g  
p a ram e te r  f t  . The broadened lin e sh a p e  S ( h ')  i s  i l l u s t r a t e d  
in  F ig u re  5*1 to g e th e r  w ith  i t s  d e r iv a t iv e .
The g -  te n s o r  com ponents can e a s i l y  be o b ta in e d  from a  
p o ly c r y s t a l l i n e  spectrum  o f  t h i s  ty p e  by m easu rin g  , H^  
and I f  th e  e l e c t r o n  i n t e r a c t s  w ith  a  n u c le u s  o f  sp in
quantum number I  th e n  (21 + 1) p a t te r n s  o f  t h i s  ty p e  w i l l  be 
o b ta in e d  and i t  may th en ce  be p o s s ib le  to  o b ta in  th e  p r in c ip a l  
com ponents o f  th e  h y p e r f in e  te n s o r  i f  a l l  th e  peaks a r e  w e ll 
r e s o lv e d .  The m ajo r d isad v an tag e  o f  t h i s  te ch n iq u e  i s  t h a t  th e  
o r i e n t a t i o n  o f  th e  p r in c ip a l  axes o f  th e  g and A te n s o r s  canno t 
o f  c o u rse  be found ; d e s p i te  t h i s  i t  i s  an ex trem ely  u s e fu l  
m ethod, p a r t i c u l a r l y  f o r  sam ples which a re  to o  r e a c t iv e  to  
a llo w  s u c c e s s fu l  p re p a ra t io n  o f  doped s in g le  c r y s t a l s .
5 .8  E le c tro n  param agnetic  reso n an ce  s p e c t r a  and e l e c t r o n i c  
s t r u c tu r e
E le c tro n  param ag n e tic  reso n an ce  s tu d ie s  o f  t r a n s i t i o n  m e ta l 
com plexes y i e ld  v e ry  d e t a i l e d  in fo rm a tio n  abou t th e  d i s t r i b u t i o n  
o f  th e  e l e c t r o n s .  T h is  in fo rm a tio n  can be d e r iv e d  in  two w ays. 
F i r s t ,  th e  s iz e  o f  th e  h y p e r f in e  c o u p lin g  betw een an u n p a ire d  
e l e c t r o n  and a  m agnetic  n u c le u s  d e c re a se s  r a p id ly  w ith  th e  
d is ta n c e  o f  th e  e l e c t r o n  from th e  n u c le u s .  Second, th e  o r b i t a l  
c o n t r ib u t io n  to  param agnetism  i s  r e f l e c t e d  in  th e  d e v ia t io n  o f  
th e  g - te n s o r  v a lu e s  from th e  s p in -o n ly  v a lu e ,  so t h a t  e . p . r .  
s p e c tro sc o p y  g iv e s  in fo rm a tio n  abou t th e  e le c t r o n - n u c le a r  d is ta n c e ,  
and a ls o  ab o u t th e  n a tu re  o f  th e  o r b i t a l  c o n ta in in g  th e  im p a ire d  
e l e c t r o n .
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C H A P T E R  V I
ELECTRON PARAMAGNETIC RESONANCE STUDIES OF BIS -  ( f t  -  CYCLOPENTADIENYL)-  
BIS -  CHLORO VANADIUM iiv) : THE SYNTHESIS OF Yl .1Y -  TRIMETHYLENE -
DICYCLOPENTADIENYL) -  BIS-CHLORO VANADIUM (IV )
6 .1  In t ro d u c t io n
Complexes o f  vanadium  (IV ) have heen  f a i r l y  e x te n s iv e ly  
in v e s t ig a te d  by e le c t r o n  p aram ag n e tic  re so n an ce  s p e c tro s c o p y .
The b u lk  o f  t h i s  work h a s  been concerned  w ith  oxovanadium (IV ) 
s p e c ie s  a lth o u g h  a  sm all number o f  s tu d ie s  o f  d^ system s i n  w hich 
th e  vanadium  (IV ) io n  o c c u p ie s  a  s i t e  o f  t e t r a h e d r a l  o r  p seu d o - 
t e t r a h e d r a l  symmetry have been  r e p o r te d .  D e ta i le d  a n a ly se s  o f  th e
e . p . r .  p r o p e r t i e s  o f  vanadium  (IV ) i n  a  t e t r a h e d r a l  environm ent
1 2-4 3—5have been  c a r r i e d  o u t f o r  th e  c h lo r id e  f a lk o x id e  and amino
d e r iv a t iv e s  VCl^, V(OBu^)^ and VCNRg)^. In  each o f  th e s e  com plexes
th e  u n p a ire d  e le c t r o n  l i e s  e s s e n t i a l l y  i n  th e  3d 2 _  v2 o r b i t a l  o fx  y
th e  m e ta l " io n ” .
More r e c e n t ly  s e v e ra l  s tu d ie s  o f  th e  e l e c t r o n  p a ram ag n e tic
re so n an ce  p r o p e r t i e s  o f  th e  complex b i s  ( TT — c y c lo p e n ta d ie n y l)  —
b is - c h lo ro  vanadium  (IV ) , ( fT VCl^ and o f  r e l a t e d
6-8p s e u d o te t r a h e d ra l  com plexes have app ea red  ; th e  r e s u l t s  o b ta in e d
by th e  v a r io u s  w orkers a r e  a t  v a r ia n c e  w ith  one a n o th e r .  I n  t h i s
9
c h a p te r  th e  e a r l i e r  work on t h i s  compound i s  ex ten d ed  i n  an  
a t te m p t to  r e s o lv e  t h i s  d i f f i c u l t y .
6 .2  E le c tro n  p a ram ag n e tic  re so n an ce  d a ta  f o r  ( 1T -  C,-H^)g VCl^
The e le c t r o n  p a ram ag n e tic  re so n an ce  spec trum  o b ta in e d  from  a  
m a g n e tic a l ly  d i l u t e  g la s s  o f  ( TT -  VCl^ i n  ch lo ro fo rm
13 1 .
c o n ta in in g  10% e th a n o l h a s  been r e p o r te d  and a n a ly se d  in  d e t a i l  
by S te w a rt and P o r te  The spectrum  i s  i l l u s t r a t e d  in  F ig u re
6 . 1 , and a s  in d ic a te d  in  th e  f ig u r e  i t  i s  p o s s ib le  to  d is t in g u is h  
peaks in  th e  spectrum  c o rre sp o n d in g  to  th e  c a s e s  where th e  a p p l ie d  
m ag n e tic  f i e l d  l i e s  a lo n g  each  o f  th e  x ,y  and z p r in c ip a l  ax es  
o f  th e  com plex. S ince  th e  complex h as  e f f e c t iv e  symmetry 
th e  p r in c ip a l  a x es  may be ta k e n  to  be th o s e  shown, in  F ig u re  6 .2  
below . The g la s s y  spectrum  h a s  th e r e f o r e  been *
Cl
' 5  5 '
F ig u re  6 .2
i n t e r p r e t e d  by th e s e  a u th o rs  in  te rm s o f  th e  t o t a l l y  a n is o t ro p ic
10s p in  H am ilto n ian
S i  -  /3 e H..g.j3 + S .A .I  6 .1
where g and A a re  th e  a n i s o t r o p ic  g  and h y p e r f in e  t e n s o r s ,  and 
i t  i s  assumed th a t  th e  two te n s o r s  can be s im u lta n e o u s ly  d ia g o n a l is e d .  
The g la s s y  spectrum  can be an a ly se d  by com puter s im u la tio n
n
m ethods u s in g  Kneubuhl fu n c t io n s  o f  th e  ty p e  g iv en  in  e q u a tio n  
5 . 34 , and th e  b e s t  f i t t i n g  v a lu e s  o f  th e  re s o n a n t f i e l d s  V Hy and
H so found can  th e n  be used  w ith  e q u a tio n  5 .29 in  o rd e r  to  c a l c u la tez
v a lu e s  o f  th e  a n is o t r o p ic  s p in  H am ilto n ian  p a ra m e te rs . The 
v a lu e s  o b ta in e d  in  t h i s  way, to g e th e r  w ith  th e  b e s t  f i t t i n g
v a lu e  o f  th e  G aussian  l i n e  b ro ad en in g  p aram ete r , a r e  l i s t e d
in  T able 6 . 1 . S ince  i t  i s  n o t p o s s ib le  to  say  which o f  th e
o b se rv ed  g -  te n s o r  v a lu e s  co rresp o n d s  to  g  and which to  g  .x i  yy
r e f e r r e d  to  th e  a x is  system  o f  F ig u re  6 .2 ,  from th e  e . p . r .  d a ta
a lo n e , th e  ch o ice  o f  g a s  th e  l a r g e r  o f  th e  two v a lu e s  i s
d ic ta t e d  by th e  r e s u l t s  o f  th e  m o le c u la r  o r b i t a l  c a l c u la t io n s
c a r r i e d  o u t by th e s e  a u th o r s .  ^
The f a c t  t h a t  th e  g v a lu e  i s  ap p ro x im ate ly  e a u a l to  th ezz
s p in -o n ly  v a lu e  shows im m ed ia te ly  t h a t  th e  u n p a ire d  e le c t r o n
o c c u p ie s  a  m o le c u la r  o r b i t a l  which i s  p r im a r i ly  m e ta l io n  d 2
i n  c h a r a c te r ,  s in c e  f o r  any o th e r  o r b i t a l  a l l  th e  g - te n s o r  v a lu e s
would d e v ia te  from th e  s p in -o n ly  v a lu e .  The marked d e v ia t io n
from  a x ia l  symmetry in  b o th  th e  g and A te n s o r s  however shows
t h a t  th e  m e ta l io n  d o  9 o r b i t a l ,  which be lo n g s to  th e  samex -  y
i r r e d u c ib le  r e p r e s e n ta t io n  a s  th e  d^2 o r b i t a l  in  t h i s  com plex, 
a l s o  c o n t r ib u te s  to  th e  ground s t a t e .
The m ajo r d i f f i c u l t i e s  in  an a n a ly s i s  o f  t h i s  k in d  a re  f i r s t  
t h a t  th e  assum ption  must i n i t i a l l y  be made t h a t  th e  g and A 
te n s o r s  a re  c o a x ia l ,  w hich i s  re a so n a b le  in  th e  p re s e n t  ca se  in  
w hich th e  u n p a ire d  e le c t r o n  i s  l a r g e ly  lo c a l i s e d  on th e  c e n t r a l  
m e ta l atom . The second problem  i s  t h a t  in  o rd e r  to  a n a ly se  th e  
g la s s y  spectrum  unam biguously a l l  th e  peaks in  th e  spectrum  m ust 
be w e ll r e s o lv e d .
7
B ak a lik  and Hayes have c a r r i e d  o u t an e . p . r .  s tu d y  o f
a  m a g n e tic a lly  d i l u te  sam ple o f  ( 'TT -C^H^JgVCl^ doped in to
( fT  -0,-H,-)^ T i C l„ . T h is  work was c a r r i e d  o u t b e fo re  th e  c r y s t a l  
v 5 5 2 2
11 12s t r u c t u r e  o f  th e  h o s t  m o lecu le  had been d e term ined  9 so t h a t  
th e  o r i e n t a t i o n  o f  th e  p r in c ip a l  ax es  o f  th e  g and A te n s o r s
Table 6.1
Spin  H am ilto n ian  p a ra m e te rs  f o r  th e  complex (TT -C^H^)^ VCl^ 
a t  77K, o b ta in e d  from a  m a g n e tic a lly  d i l u t e  g la s s  in  ch lo ro fo rm  
c o n ta in in g  10$ e th a n o l .  ^ A ll h y p e r f in e  te n s o r  com ponents a re  
i n  u n i t s  o f  cm 1. The G aussian  b ro ad en in g  f a c t o r ,  f i  , i s  i n  u n i t s  
o f  g a u ss .
S  S  8  A A A / \xx yy zz xx yy zz \ g /  x  '
1 .986 1.971 2 .000  -0 .0 0 7 4 0  -0 .01170  -0 .00152  1.986 -0 .00687
Table 6 .2
n
Spin  H am ilto n ian  p a ram e te rs  f o r  th e  complex ( 1T -C^H^)^ VC12
a t  room te m p e ra tu re  o b ta in e d  from a  m a g n e tic a lly  d i l u te  s in g le
c r y s t a l  o f  ( IT - C ^ H ^  VC12 doped in to  ( f X - C ^ ^ T i  C lg . A ll
-1h y p e r f in e  te n s o r  com ponents a re  in  u n i t s  o f  cm •
g 3 g l e 2 A3 A1 A2 < g>
1.965 1.946 1.967 -0 .00749 -0 .01189  -0 .00267  1.959 -C
ft
3-5
< A >
.00735
c o u ld  n o t be found r e l a t i v e  to  th e  m o le c u la r  a x e s ,  and th e
m o le c u la r  geom etry assumed in  th e  m o le c u la r  o b b i t a l  c a l c u la t io n s
was based  on th e  e a r l i e r  e le c t r o n  d i f f r a c t i o n  s tu d y  o f
( 1T -  T iC l^ , The sp in  H am ilto n ian  p a ram e te rs  deduced
from th e  s in g le  c r y s t a l  s tu d y  a re  sum m arised in  T ab le 6*2, and
th e  d a ta  can be seen  to  d i f f e r  s i g n i f i c a n t l y  from th e  r e s u l t s
o f  th e  p o ly c r y s t a l l i n e  a n a ly s i s  in  T ab le 6 . 1 . The t r e n d s  in
th e  two s e t s  o f  d a ta  a re  s im i la r ,  b u t a lth o u g h  two o f  th e
h y p e r f in e  v a lu e s  ag ree  f a i r l y  w e ll ,  th e  A v a lu e  and a l l  th r e ezz
p r in c ip a l  g  v a lu e s  d i f f e r  m arkedly  from th e  r e s u l t s  quoted  from
S te w a rt and P o r te ’ s p o ly c r y s t a l l i n e  a n a ly s i s .  Both g roups o f
w orkers a s s ig n  th e  u n p a ire d  e le c t r o n  to  an o r b i t a l  which i s
p r im a r i ly  a  l i n e a r  com bination  o f  th e  m e ta l io n  d^2 _ y 2 ^z 2
o r b i t a l s ;  a s  a lre a d y  m entioned  th e  g - f a c to r s  found by S tew art
and P o r te  show th a t  t h i s  o r b i t a l  i s  p r im a r i ly  d 2 i n  c h a r a c te r ,z
w h ile  th e  r e s u l t s  o f  B ak a lik  and Hayes su g g es t t h a t  th e  d 2 .  v 2x y
o r b i t a l  i s  th e  more im p o r ta n t .
In  o rd e r  to  f u r th e r  in v e s t ig a te  th e  d is c re p a n c ie s  betw een 
th e s e  two s tu d ie s  a  number o f  s te p s  have been ta k e n . I t  i s  o f  
co u rse  p o s s ib le  t h a t  th e  p aram agnetic  ( TT " ^ 5^ 5)2  ^ ^ 2  As ^orce<* 
to  ado p t a  s l i g h t l y  d i f f e r e n t  geom etry in  th e  s in g le  c r y s t a l  
env ironm ent from th a t  in  th e  g la s s ;  t h i s  h a s  been in v e s t ig a te d  
by p re p a r in g  a  p o ly c r y s t a l l i n e  sample o f  (TT VCl^ doped
in to  (IV  T i C l^ . The spectrum  o f  t h i s  sample i s  found
to  be i d e n t i c a l  to  th e  g la s s y  spectrum  shown in  F ig u re  6 . 1, 
show ing t h a t  th e  d i f f e r e n c e s  in  r e s u l t s  o b ta in e d  by th e  two groups 
o f  w orkers i s  n o t due to  s te re o c h e m ic a l changes in  th e  d i f f e r e n t  
en v iro n m en ts .
1 3 6 .
The s p in  H am ilto n ian  p a ram e te rs  from re fe re n c e  7 have
th e r e f o r e  been u sed  to  c a lc u la te  th e  re s o n a n t f i e l d s  H , H andx* y
H^ from e q u a tio n  5*29» and th e se  f i e l d  v a lu e s ,  in  c o n ju n c tio n  w ith
if
KneubUhl fu n c tio n s  o f  th e  ty p e  g iven  in  e q u a tio n  5*34* p ro v id e  
th e  com puter s im u la te d  p o ly c r y s ta l l in e  spectrum  shown in  F ig u re  
6 . 3 . Q u a l i t a t iv e ly  t h i s  s im u la te d  spectrum  i s  s im i la r  to  th e  
o b se rv ed  p o ly c r y s t a l l i n e  spectrum  o f ( TT VC1? doped in to
th e  ti ta n iu m  a n a lo g u e , which i s  a ls o  shown in  th e  f ig u r e ,  b u t th e  
d i f f e r e n c e s  in  f i e l d  v a lu e s  between th e  two s p e c tr a  a re  v e ry  much 
l a r g e r  th a n  th e  l i k e l y  e x p e rim e n ta l e r r o r .
The s im p le s t  way to  e s t a b l i s h  w hether th e  r e s u l t s  o f  th e  s in g le  
c r y s t a l  a n a ly s i s  a re  in  e r r o r ,  a s  F ig u re  6 . 3 . a p p e a rs  to  im ply , 
would be to  c a r ry  o u t an  i d e n t i c a l  s tu d y  on a  s in g le  c r y s t a l  o f  
( 1T -C 5H5) 2 T i C l2 doped w ith  (IT  ) ? VClg. However th e
s u c c e s s fu l  p r e p a ra t io n  o f  such  a  c r y s t a l  i s  v e ry  d i f f i c u l t ,  s in c e
12( 17* -C i-Hj.)^  T i C l^ a lm o st in v a r ia b ly  tw in s .  B ak a lik  and Hayes 
do n o t m ention  t h i s  tw in n in g  in  t h e i r  p a p e r , and i t  i s  p o s s ib le  
th a t  th e  in c o n s i s te n c ie s  in  t h e i r  r e s u l t s  m ight o r ig in a te  in  n o t 
h a v in g  ta k e n  t h i s  in to  a c c o u n t. S e v e ra l a t te m p ts  by th e  a u th o r  
o f  t h i s  t h e s i s  to  p re p a re  a  doped s in g le  c r y s t a l  la rg e  enough f o r  
e . p . r .  a n a ly s i s ,  from a  v a r i e ty  o f  s o lv e n ts  in c lu d in g  ch lo ro fo rm  
and benzene, have been u n s u c c e s s fu l ,  and so a t t e n t i o n  h as  been 
fo c u sse d  on c lo s e ly  r e l a t e d  d e r iv a t iv e s  w hich a re  e x p e c te d  to  
c r y s t a l l i s e  more r e a d i ly .
6 . 3  P re p a ra t io n  o f  ( 1 .1 1-  tr im e th y le n e d ic y c lo p e n ta d ie n y l)v a n a d iu m  
d ic h lo r id e
1A 15The p r e p a ra t io n  and c r y s t a l  s t r u c tu r e  o f  th e  complex
( 1 ,1 # -  tr im e th y le n e d ic y c lo p e n ta d ie n y l) t i ta n iu m  d ic h lo r id e  ( i )
137.
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1 3 8 .
have been r e p o r te d ,  t h i s  complex b e in g  s t r u c t u r a l l y  v e ry  s im i la r
( i )
to  ( 17" T iC l^ . S ince  th e  " b i te "  o f  th e  " c h e la t in g ”
tr im e th y le n e  group i s  o f  v i r t u a l l y  th e  same s iz e  a s  th e  r i n g -  
r i n g  s e p a ra t io n  i n  ( 'fT -C^H^)2 T iC l^  th e  a d d i t io n  o f  th e  m ethy lene 
c h a in  makes l i t t l e  d if f e r e n c e  to  th e  geom etry o f  th e  com plex.
The b rid g e d  d e r iv a t iv e  (CHg) j ( C ^ ) 2 T iC l2 can be c r y s t a l l i s e d  
much more r e a d i ly  th a n  can  ( -C^H^)2 T i C l2 ; t h i s  ease  o f
c r y s t a l  grow th may be r e l a t e d  to  th e  marked re d u c t io n  in  v ib r a t io n  
o f  th e  r in g  frag m en ts  w hich o ccu rs  when th e  b r id g in g  tr im e th y le n e  
group i s  in tro d u c e d .
The s t r u c t u r a l  s i m i l a r i t y  o f  th e  two ti ta n iu m  com plexes i s  
e x e m p lif ie d  by th e  d a ta  in  T ab le 6 . 3  in  which bond le n g th s  and 
a n g le s  around  th e  c e n t r a l  m e ta l io n  a re  q u o ted . I t  fo llo w s  th a t  
th e  vanadium com plexes (IT  -C^H^)2VC12 and (CH2)^(C^H ^)2 VC12 
sh o u ld  a ls o  have c lo s e ly  s im i la r  s t r u c t u r a l  p a ra m e te rs , and th a t  
t h e i r  e . p . r .  s p e c tr a  shou ld  a ls o  be v e ry  s im i la r .  I t  was t h e r e ­
fo re  d ec id ed  to  a t te m p t to  p re p a re  th e  vanadium complex 
(CH2)^(C(.H^)2 VC12 in  o rd e r  to  c a r ry  o u t a  f u l l  e l e c t r o n  param ag n e tic  
re so n an ce  s tu d y  o f  t h i s  s p e c ie s  doped in to  th e  co rre sp o n d in g
t i ta n iu m  com plex.
The p r e p a r a t iv e  te c h n iq u e  ad o p ted  i s  b ased  on th a t  f o r  th e
13 9 .
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t i ta n iu m  s p e c ie s  ^  w hich i s  in  tu rn  d e r iv e d  from an e a r l i e r  
16m ethod, and p ro ceed s  a s  fo llo w s , a l l  r e a c t io n s  b e in g  c a r r i e d  
ou t in  a  n i t ro g e n  a tm o sp h ere . F re s h ly  p re p a re d  c y c lo p e n ta d ie n e  
monomer (0*5 m oles) i s  added s lo w ly  to  a  s t i r r e d  su sp e n sio n  o f  
f i n e l y  d iv id e d  sodium in  250 ml o f  te tr a h y d ro fu ra n  a t  0°C, to  form 
sodium c y c lo p e n ta d ie n id e . 1 ,3  ~ Dibromopropane (0 .2 5  m oles) i s
th e n  added s low ly  and th e  m ix tu re  i s  s t i r r e d  f o r  about th r e e  h o u rs  
u n t i l  th e  r e a c t io n  h a s  c e a se d . The p ink  s o lu t io n  i s  now f i l t e r e d  
to  remove any u n re a c te d  sodium , and th e  f i l t r a t e  i s  s lo w ly  added 
to  a  s t i r r e d  m ix tu re  o f  sodium h y d rid e  ( 0 .5  m oles) in  50 ml o f  
te tr a h y d ro fu ra n  a t  45*50°C. T h is  r e a c t io n  ta k e s  p la c e  v e ry  
s lo w ly , and i s  b e s t  a llo w ed  to  p roceed  o v e rn ig h t .  The r e s u l t i n g  
s o lu t io n  o f  th e  d i- a n io n  ( i l )  i s  now added
{ ^ >  ( CH2 ) 3 -----
( I I )
s lo w ly  to  a  su sp e n sio n  o f  vanadium t e t r a c h l o r id e  (0 .2 5  m oles) in  
200 ml o f  te t r a h y d r o f u r a n ,  p re p a re d  by s lo w ly  ad d in g  th e  VCl^ to  
te tr a h y d ro fu ra n  a t  0°C w ith  v ig o ro u s  s t i r r i n g ,  and th e  m ix tu re  i s  
a g a in  s t i r r e d  o v e rn ig h t .  The s o lv e n t  i s  now removed by e v a p o ra tio n  
u n d er red u ced  p r e s s u r e ,  and th e  r e s u l t i n g  b la c k  s o l id  r e p e a te d ly  
e x t r a c te d  w ith  c h lo ro fo rm ; th e  combined e x t r a c t s  a re  c o n c e n tra te d  
and added dropw ise to  a  la rg e  volume o f  h ex an e , w ith  s t i r r i n g .
The r e s u l t i n g  g reen  s o l id  i s  r e - e x t r a c te d  in  th e  same way, and 
f i n a l l y  r e c r y s t a l l i s e d  from benzene . A ttem p ts to  p u r i f y  th e  s o l id  
by su b lim a tio n  a re  n o t s u c c e s s fu l  s in c e  e x te n s iv e  decom position  
o c c u rs ,  a lth o u g h  sm all amounts o f  m a te r ia l  do sublim e a t  260 C
1 4 1 .
and 10 ^iran.
A black o i l  i s  a lso  found in  the reaction  m ixture, which 
can be removed from the product by the ex traction  procedure above. 
This o i l  i s  probably produced by a polym erisation o f dianion ( i l )  
or i t s  immediate precursor (CH2) The la t t e r  compound
i s  very un stab le , and decomposes spontaneously in  the absence o f  
so lv en t.
The paramagnetic green s o lid  iso la te d  from th is  reaction  i s
( ch2) 3( c5h4) 2 VC12 , as shown by m icroanalysis (ca lcu la ted  C 53*4
H 4*83% » observed C 53*32$» H 5*20%). The in fra-red  spectrum i s
s im ilar  to  that o f ( fT -C^H^)2 VCl  ^ with extra peaks corresponding
to  the v ib ration s o f  the methylene groups; the spectrum e x h ib its
th e  p a t t e r n  o f bands ex p ec ted  f o r  a  fT -bonded c y c lo p e n ta d ie n y l 
17grouping. The e lec tro n  paramagnetic resonance spectrum of a
chloroform : ethanol ( 9 * 0  g la ss  o f ( C H ^ ) V C l ^  at 77K i s  
shown in  Figure 6 . 4 . Both so lu tio n  and g la ssy  spectra o f th is  
compound are extrem ely s im ila r  to  those found fo r  (fT VCl^,
and the spin  Hamiltonian parameters extracted  from the g la ssy  
spectrum are summarised in  Table 6.4*
Table 6 .4
Spin Hamiltonian parameters for  the complex (CH )^ ^(C^H^JgVClg
at 77K, extracted  from a m agnetically  d ilu te  g la ss  in  chloroform
contain ing 1C$ eth an ol. A ll hyperfine tensor components are in
u n its  o f cm"1, and the ft value i s  in  gauss.
st g g* A A A &sxx yy zz xx yy zz r
1 .988  1.972 2 .0 0 0  -0.00740 -0.01185 -0.00154 5 1.987 -O.OO693
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A nother param agnetic  s p e c ie s  h a s  been d e te c te d  in  th e  
r e a c t io n  m ix tu re , and t h i s  tu rn s  o u t to  be th e  te tr a h y d ro fu ra n  
ad d u c t o f  VCl^, which h a s  been p re v io u s ly  re p o r te d  ^  a lth o u g h  
i t s  e . p . r .  spectrum  h as  n o t been g iv e n . The sp in  H am ilto n ian  
p a ra m e te rs  found from a n a ly s i s  o f  s o lu t io n  and fro z e n  s o lu t io n  
s p e c tr a  o f  t h i s  compound a re  summarised in  T ab le 6 ,5  to g e th e r  
w ith  d a ta  f o r  vanadyl a c e ty la c e to n a te  in  te tr a h y d ro fu ra n  ^  
in  which th e  vanadium i s  in  a  s im i la r  d i s to r t e d  o c ta h e d ra l 
en v iro n m en t,
T ab le 6 ,5
S p in  H am ilton ian  p a ram e te rs  f o r  th e  com plexes VC1..2THF
4
and VO (a c a c )^  in  THF, A ll h y p e rf in e  te n s o r  com ponents a re
in  u n i t s  o f  cm
Compound
g„ S± <g> A|( Ax <A>
VC14 . 2THF 1.941 1.985 1.969 O.O1507 O.OO551 O.O1OO4
V 0 (acac )2 1.945 1.981 1.969 0.01555 0 .00572 0 .00896
The o b serv ed  p o ly c r y s ta l l in e  spectrum  o f  th e  te t r a h y d ro fu ra n  
ad d u c t i s  shown in  F ig u re  6 . 5 . The f a c t  t h a t  t h i s  s p e c ie s  can 
be d e te c te d  in  th e  f i n a l  r e a c t io n  m ix tu re  in d ic a te s  th e
i n s t a b i l i t y  o f  th e  d ia n io n  ( i l ) ,  and th e  co n seau en t d i f f i c u l t y
o f  o b ta in in g  a  co m p le te ly  s to ic h io m e tr ic  r e a c t io n  m ix tu re .
On one o c c a s io n  a  t h i r d  param agnetic  compound was d e te c te d  
d u r in g  a t te m p ts  to  p u r i f y  ( C H ^ C c ^ H ^ V C ^  by su b lim a tio n , when 
th e  (CH2 )^(C^H4 ) 2VC12 which d id  sublim e was found to  be mixed 
w ith  an a p p ro x im a te ly  eq u a l amount o f  t h i s  new s p e c ie s .  T h is  
compound h a s  an i s o t r o p i c  g f a c t o r  o f  1.994 h y p e rf in e
144 .
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coupling constant, A, o f O.OO65 cm  ^ in  chloroform so lu tio n  a t
room temperature. Although the nature o f th is  sp ec ies  has not
been further in v estig a ted  in  th is  work, i t s  formation during the
sublim ation experiment im plies that i t  may be produced as a r e su lt
o f a rearrangement reaction  o f e ith er  (CH_)_(CcH.)_VCl0 or the
2 3 2 4 2 2
tetrahydrofuran adduct o f VCl^, and th is  i s  worthy o f further  
study.
D espite the success in  the syn th esis  o f (CH^)^(C^H^)2 VCl^, 
i t  has not proved p ossib le  to  grow c r y s ta ls  o f th is  m aterial doped 
in to  (CH^)^(C(-H^)^ Ti C^* presumably because o f the in s t a b i l i t y  
o f  the vanadium complex, as any decomposition would tend to  
markedly in h ib it  the growth o f good q u a lity  c r y s ta ls .
6 .4  Experimental aspects o f the e lec tro n  paramagnetic resonance 
stu d ies
The e lec tro n  paramagnetic resonance spectra reported in  th is  
work were recorded on a Decca X -  3 spectrom eter, operating in  the 
X-band region o f the microwave spectrum at 9270 M.Hz., in  conjunction  
w ith a Newport 11-inch magnet system. The d etection  system employed 
100 K.Hz. audiomodulation together with a phase s e n s it iv e  d etec to r , 
and the e .p .r .  spectrum was recorded as a f i r s t  d er iv a tiv e . The 
e .p .r .  spectrum was ca lib ra ted  using proton magnetic resonance 
methods, and the ca lib ra tio n  system i t s e l f  was checked using a 
f in e ly  powdered sample o f diphenylpicrylhydrazyl, whose g -fa c to r  
i s  known accu rately  to be 2 . 0036 .
Samples stud ied  a t room temperature were contained in  s p e c tr o s il  
quartz tu bes. Spectra recorded a t 77K were obtained by p lacin g
some o f the sample in  a lo n g -ta ile d  dewar, the sp e c tr o s il  quartz 
t a i l  o f  which was in serted  in to  the sample c a v ity , and pouring liq u id  
nitrogen  on top o f i t .
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A P P E N D I X  A
THE USE OF A COMPUTER OP AVERAGE TRANSTENTS IN CONJUNCTION 
WITH THE DECCA RADAR N.Q.R. SPECTROMETER
The Zeeman -  n . q . r .  ex p erim en ts  d e sc r ib e d  in  C hap ter I I I  
r e q u ir e  a  sm a ll c o n s ta n t m agnetic  f i e l d  to  be a p p l ie d  to  a  
p o ly c r y s t a l l i n e  sample o f  (C l^ P N C H ^ . T h is  b roadens th e  
re so n an ce  s ig n a l s  so s e v e re ly  t h a t  th e  d e te c t io n  o f  th e  p o ly ­
c r y s t a l l i n e  lin e sh a p e  p r e d ic te d  by Morino and Toyama from a  
s in g le  p a ss  th ro u g h  th e  spectrum  i s  o n ly  p o s s ib le  a t  r e l a t i v e l y  
low m agnetic  f i e l d s .  In  o rd e r  to  c a r ry  o u t Zeeman -  n . q . r .  
ex p e rim en ts  in  m agnetic  f i e l d s  o f  up to  30 g au ss  i t  i s  n e c e s sa ry  
to  coup le  th e  sp e c tro m e te r  o u tp u t to  a  com puter o f  average  
t r a n s i e n t s .  The e x p e rim e n ta l arrangem ent ad o p ted  i s  d e sc r ib e d  
in  d e t a i l  in  t h i s  s e c t io n .
The com puter o f  av erag e  t r a n s i e n t s  a v a i la b le  f o r  use  in  
t h i s  work was a  T e c h n ica l M easurement C o rp o ra tio n  C-1024 Time 
A verag ing  Com puter. T h is  h as  on ly  one Y in p u t so th a t  i t  i s  
n o t p o s s ib le  to  re c o rd  th e  s ig n a l  and m arkers s im u lta n e o u s ly .
In  Zeeman -  n .q . r .  experiments th is  i s  not a se rio u s  l im ita tio n  
s ince an abso lu te  frequency measurement i s  not necessary ; the 
measurements which are necessary in  th is  work are  those of 
frequency d iffe ren ce  between d if fe re n t p a r ts  of each spectrum, 
and th is  i s  f a c i l i t a t e d  by record ing  adjacent sideband s ig n a ls  
which then supply an in te rn a l estim ate of the frequency range 
scanned.
The mode o f operation  of the time averaging computer (CAT) 
with the n .q . r .  spectrom eter i s  i l lu s t r a te d  in  Figure A1.
14 7 .
The C A T  s u p p lie s  a  ramp v o l ta g e  o f  up to  25 v o l t s  to  th e  n . q . r .  
sp e c tro m e te r  MW312 u n i t ,  and t h i s  v o lta g e  i s  u sed  to  p u l l  th e  
fre q u e n c y  o f  th e  sp e c tro m e te r , so sw eeping th ro u g h  th e  re so n a n c e .
The phase  s e n s i t i v e  d e te c to r  o u tp u t from  th e  sp e c tro m e te r  i s  
co n n ec ted  to  th e  C A T  in p u t p lu g . A f te r  accu m u la tin g  th e  s ig n a l  
i t  i s  f e d  from  th e  "an a lo g u e  o u tp u t"  so c k e t o f  th e  C A T to  th e  
c h a r t  r e c o rd e r  v i a  a  D.C. o u tp u t "balancing c i r c u i t .  The l a t t e r  
i s  f u l l y  d e s c r ib e d  in  th e  C A T  m anual, i t s  fu n c t io n  b e in g  to  add 
o r  s u b t r a c t  a  c o n s ta n t  v o lta g e  to  th e  C A T  o u tp u t i n  o rd e r  to  a llo w  
th e  re c o rd e r  to  d is p la y  a  norm al s ig n a l  w ith  a  c e n t r e  ze ro  p r e s e n ta t io n .
The m agnetic  f i e l d  n e c e s sa ry  f o r  th e  Zeeman ex p erim en ts  i s  g e n e ra te d  
by p a s s in g  a  s u i t a b le  c u r r e n t  th ro u g h  th e  H elm holtz c o i l  a rrangem en t 
shown i n  th e  f i g u r e .  No a tte m p t was made to  c a n c e l th e  e a r t h 9s 
m agnetic  f i e l d  a t  th e  sam ple .
A ll o th e r  co n n e c tio n s  a re  made a s  f o r  norm al sp e c tro m e te r  
o p e r a t io n .  As an  example o f  th e  u s e  o f  th e  tim e  a v e ra g in g  com puter, 
th e  o p e ra t in g  c o n d it io n s  employed i n  re c o rd in g  th e  Zeeman — n . q . r .  
spec trum  i l l u s t r a t e d  e a r l i e r  in  F ig u re  3 .4  axe sum m arised in  T ab le  A1.
Once th e  s p e c tro m e te r  and com puter a v e ra g e r  have been  s e t  up a s  in  
T ab le A1 th e  p ro c e s s  o f  accu m u la tin g  th e  spectrum  p ro cee d s  a s  f o l lo w s .
F i r s t  th e  fre q u e n c y  o f  th e  n . q . r .  sp e c tro m e te r  i s  a c c u r a te ly  a d ju s te d  to  
th e  v a lu e  r e q u i r e d .  The fu n c t io n  s e le c to r  sw itch  on th e  C A T i s  
s e t  to  " in t e r n a l  t r i g g e r "  and th e  p ro c e s s  o f  r e c o rd in g  th e  spectrum  
i s  s t a r t e d  by s w itc h in g  th e  " T r ig g e r  so u rc e "  c o n tro l  to  " r e c u r " .
A ccum ulation  o f  d a ta  c o n tin u e s  a u to m a tic a l ly  u n t i l  th e  r e q u ire d  number 
o f  scan s  have been  com p le ted . The f i n a l  spec trum  can  be re c o rd e d  by 
p l o t t i n g  on th e  c h a r t  r e o o rd e r ,  o r  a l t e r n a t i v e l y  by d is p la y in g  i t  on th e  C A T
o sc illo sc o p e  and photographing i t .  With the same spectrometer
conditions as above a good sign al to noise  ra tio  can be obtained
with only 25 scans in  zero magnetic f i e ld .
When recording p o ly cry sta llin e  spectra in  magnetic f ie ld s
in  th is  way i t  is p ossib le  to obtain an estim ate o f the magnetic
f i e ld  applied from the spectrum, since the separation o f the two
" d eriva tive” featu res in  the spectrum i s  equal to tw ice the
ch lorine -  35 Larmor precession  frequency in  th is  magnetic f i e ld .
The spectra recorded for  the and V resonances in
(C1tPNCHt ) 0 have been analysed to give the magnetic f ie ld  in  each
ca se , and a p lo t o f magnetic f ie ld  against the current in  the
Helmholtz c o i l s  i s  given in  Figure A2. This figu re shows th at
the Helmholtz c o i l s  used in  th is  work have a magnet constant o f  
-1134 gauss, amp .
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Figure A1 Block diagram o f the experim ental arrangement when 
using the Time Averaging Computer togeth er with the 
Decca Radar n .q .r .  spectrometer to record Zeeman -  
n .q .r ,  sp ectra . A ll other connections are assumed 
to  be as fo r  normal spectrometer operation .
Table A1
Operating conditions employed in  recording the Zeeman - n .a .r .
spectrum of the V resonance in  (Cl PNCH,)_ in  a magnetic f i e ld2 y y 2
o f 21.5 gauss; th is  spectrum i s  i l lu s t r a te d  in  Figure 3*4*
NOR Spectrometer S ettin gs
r . f .  le v e l  7
quench p . r . f .  50 K.Hz,
FM1 amplitude 3 x 0.1
a m p lifier  10
PSD phase 1 O'clock
time constant 0 .3  sec
AGO 3
coherence 4*8
sideband suppression o ff
C A T  S ettin g s
stand by switch add
flyback time 0
search rate min
sweep width 10 x 25
sweep time 25 sec
memory lo ca tio n  1-1024
preset counter 1225
extern al JM attenuator 2 x 1
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Figure A2
P lo t o f current passing through the Helmholtz c o i l s  against  
magnetic f i e ld  produced; magnetic f ie ld s  were measured 
from Zeeman -  n . q . r .  spectra o f (C1JPNCH ) recorded using  
the time averaging computer.
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A P P E N D I X  B 
QUADRUPOLE RESONANCE AT HIGH PRESSURES
Although there  have been several in v es tig a tio n s  of magnetic
resonance phenomena a t  high p ressu res , and b r ie f  d esc rip tio n s  of
some of the pressure v e sse ls  employed have been published, 1,2
the design c r i t e r i a  which should be app lied  do not seem to  have
been o u tlin ed  in  a form su ita b le  fo r  the newcomer to  the f ie ld .
For th is  reason the design and operation  of the pressure v e sse ls
constructed  fo r  the p resen t work are discussed in  d e ta i l  below.
The nuclear quadrupole resonance s tu d ies  undertaken here a t
e levated  p ressu res  are  designed to  provide inform ation concerning
the v ib ra tio n a l motions of the compounds s tu d ied , in  the s o lid
s ta t e .  I t  i s  th ere fo re  possib le  to  lim it the ex ten t of the
pressu re  range to  be in v e s tig a ted  to  th a t which i s  re a d ily  access ib le
using  conventional equipment and a l iq u id  pressure tra n sm ittin g
medium. The apparatus described here i s  th e re fo re  designed fo r
_ o
ro u tin e  use over the pressure range 1 4  P ^  2800 Kg.cm .
F igure B1 i s  a block diagram of the system employed. The
pressu re  i s  generated by a simple hydraulic handpump, an "Enerpac"
-2lab o ra to ry  pump, which can produce p ressures of up to  2,800 Kg.cm ,
The pressure  tra n sm ittin g  f lu id  i s  a normal hydraulic o i l ,  and
connection to  the p ressure vesse l i s  made by s ta in le s s  s te e l  tub ing .
This "Novaswiss" p ressure tub ing  has 3 /8 " o u ts id e  diam eter, 1/ 8 ”
-2in te rn a l  diam eter, and a pressure r a t in g  of Kg.cm so th a t
a la rg e  sa fe ty  fa c to r  i s  b u i l t  in to  the system. A ll connections to  
the p ressure  tubing  are  made by conventional cone to  cone sea lin g  systems, 
and the  va lves, elbows and te e -p ie c e s  are of s im ila r  sp e c if ic a tio n  to  the 
tub ing . The p ressure generated in  the system i s  measured by a 
conventional Budenberg pressure gauge which i s  accurate  to
*“2 "m 2.+ 2 Kg.cm o v er th e  p re s s u re  ran g e  up to  2 ,800  Kg.cm • The 
c a l i b r a t i o n  o f  th e  gauge was checked by  r e c o rd in g  th e  n . q . r .  
sp ec trum  o f  (ht^O a s  a  f u n c t io n  o f  p re s s u re  and com paring th e  
r e s u l t s  w ith  th e  l i t e r a t u r e  d a ta  f o r  t h i s  compound.
The c o n s tru c t io n  o f  th e  p re s s u re  v e s s e l  i t s e l f  i s  a  more 
d i f f i c u l t  u n d e r ta k in g . P re v io u s  s tu d ie s  o f  m agnetic  re so n an ce  
phenomena u n d e r h ig h  p re s s u re  have been  c a r r i e d  o u t u s in g  p r e s s u r e  
v e s s e l s  c o n s tru c te d  o f  b o th  b e ry ll iu m  -  copper a l lo y  and o f  
s t a i n l e s s  s t e e l T h e  fo rm er, a lth o u g h  ex p en siv e , h as  th e  
ad v an tag e  o f  b e in g  n on -m agne tic , and so can  be u sed  i n  ex p erim en ts  
i n  w hich a  m agnetic  f i e l d  i s  a p p l ie d  to  th e  sa s ip le . S in ce  th e  
p r e s e n t  work i s  concerned  w ith  p u re  q uad rupo le  re so n a n c e , m ag n e tic  
f i e l d s  a r e  u n n e c e ssa ry  so lo n g  a s  fre q u e n c y  m o d u la tio n  i s  em ployed, 
so t h a t  s t a i n l e s s  s t e e l  i s  th e  p r e f e r r e d  m a te r i a l .
F ig u re  B2 shows th e  p r e s s u re  v e s s e l  u se d  i n  th e  ex p erim en ts
d e s c r ib e d  in  C h ap te rs  I I I  and IV . The component p a r t s  o f  th e
system  a r e  in d iv id u a l ly  i l l u s t r a t e d ,  w ith  a  n o te  o f  t h e i r  d im en sio n s,
i n  F ig u re  B3, B4 and B% T h is  system  i s  c o n s tru c te d  from  an  M 58B
s t a i n l e s s  s t e e l ,  and i s  in te n d e d  f o r  u s e  th ro u g h o u t th e  p r e s s u re
• 2
ran g e  1 < P <  1000 Kg.om • The body o f  th e  p re s s u re  v e s s e l ,  A, 
i s  a  s t e e l  c y l in d e r  in to  which f i t s  th e  e l e c t r i c a l  p lu g  B, w hich i s  
h e ld  i n  p la c e  by t ig h te n in g  down th e  c o l l a r ,  C.
The d e s ig n  u sed  h e r e ,  in c o rp o ra t in g  a  s e p a ra te  p lu g  and c o l l a r ,  
was ad o p ted  a f t e r  i n i t i a l  c o n s id e ra t io n  o f  th e  ty p e  o f  system  u se d  
by  some o th e r  w o rkers i n  w hich th e  e l e c t r i c a l  p lu g  i s  i t s e l f  
th re a d e d  to  m ate w ith  a  th re a d  on th e  in s id e  o f  th e  p r e s s u re  v e s s e l ,  
th e  o o l l a r  i n  t h i s  c a se  b e in g  u n n e c e ssa ry . S in ce  th e  th r e a d  a r e a  
needed  to  w ith s ta n d  a  g iv e n  in t e r n a l  p r e s s u re  i s  th e  same f o r  e i t h e r
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o f  th e s e  d e s ig n s , assum ing th e  in t e r n a l  d ia m e te r  to  he  th e  same, 
i t  fo llo w s  t h a t  th e  i n t e r n a l l y  th re a d e d  system  m ust n e c e s s a r i ly  
he lo n g e r  th a n  an  e q u iv a le n t e x te r n a l ly  th re a d e d  system  o f  th e  
ty p e  u se d  h ere*  The i n t e r n a l l y  th re a d e d  system  i s  th e r e f o r e  
b e t t e r  s u i te d  to  exp erim en ts  i n  m agnetic  f i e l d s  i n  w hich th e  
p r e s s u r e  v e s s e l  m ust f i t  in s id e  th e  gap betw een th e  magnet p o le  
f a c e s ,  a lth o u g h  th e r e  i s  l i t t l e  to  choose betw een th e  two 
d e s ig n s  f o r  ex p erim en ts  i n  ze ro  f i e l d *
R e tu rn in g  to  F ig u re  B2, i t  i s  seen  t h a t  b o th  th e  e l e c t r i c a l  
le a d  from  th e  s p e c tro m e te r , D, and th e  p re s s u re  tu b in g , E, e n te r  
th e  system  th ro u g h  th e  p lu g  B* The system  i s  assem bled  by 
t ig h te n in g  down th e  c o l l a r ,  and th e  p lu g  i s  f u r t h e r  t ig h te n e d  
a g a in s t  th e  w ash ers , F , by means o f  th e  h ig h  t e n s i l e  s t e e l  b o l t s ,
G, which th re a d  th ro u g h  th e  c o l l a r  and p r e s s  a g a in s t  th e  e l e c t r i c a l  
p lug*  A to rq u e  wrench i s  n o rm ally  u sed  i n  t ig h te n in g  th e  b o l t s  
so t h a t  th e  same f o r c e  can  b e  re p ro d u c ib ly  used* I t  h as  been  
found  t h a t  when th e  system  i s  u sed  a t  h ig h  p r e s s u r e s  th e  b o l t s  te n d  
to  cau se  some s l i g h t  d e fo rm a tio n  o f  th e  e l e c t r i c a l  p lu g  a t  th e  
p o in t s  o f  o o n ta c t ,  im p ly in g  t h a t  th e  lo c a l  s t r e s s  i n  theB e re g io n s  
i s  to o  g re a t*
The u s e  o f  th e  b o l t s  i n  th e  d e s ig n  makes i t  p o s s ib le  to  r e l e a s e  
th e  p r e s s u re  i n  th e  w asher system  by rem oving th e s e  b o l t s  b e fo re  
a t te m p tin g  to  remove th e  c o l la r *  T h is  means t h a t  th e  th re a d s  on  th e  
c o l l a r  and p r e s s u re  v e s s e l  do n o t have to  be r o ta t e d  r e l a t i v e  to  
each o th e r  w h ile  u n d e r p r e s s u r e ,  so re d u c in g  th e  p o s s i b i l i t y  o f  
s e iz in g  w hich i s  a lw ays p r e s e n t  i n  s t a i n l e s s  s t e e l  th re a d s*  As a  
f u r t h e r  sa fe g u a rd  a g a in s t  " f i r i n g " ,  a l l  th r e a d s  a r e  c o a te d  b e fo re  
u s e  by  a  com m ercial th re a d  lu b r i c a n t  such  am "Roool A*S*P«" o r  "Nevej>-Seez".
When th e  c o l l a r  and h o l t s  a r e  t ig h te n e d  down, th e  k n ife -e d g e s  
shown i n  F ig u re  B2 b i t e  q u i t e  d e e p ly  in to  th e  w ashers e n su r in g  a  
good s e a l*  W ashers have been  made o f  le a d ,  copper and T e flo n , and 
e x p e rie n c e  h a s  shown t h a t  T e flo n  i s  th e  m ost s u i t a b l e  m a te r ia l  f o r  
t h i s  a p p l ic a t io n *  The ten d en cy  o f  T e flo n  to  deform  and flo w  v e ry  
s lo w ly  u n d e r p r e s s u re  h e lp s  to  com pensate f o r  any  in a c c u ra c ie s  i n  
th e  m ach in ing  o f  th e  v e s s e l  and to  m a in ta in  an  e f f i c i e n t  s e a l ,  w h ile  
th e  d e fo rm a tio n  ta k e s  p la c e  so s lo w ly  t h a t  each w asher can  be  u sed  
c o n tin u o u s ly  f o r  s e v e ra l  weeks b e fo re  n eed in g  rep lacem en t*
The p r e s s u r e  tu b in g  E i s  th re a d e d  in to  th e  e l e c t r i c a l  p lu g  and 
s e a le d  by  means o f  a  sm all washer* The e l e c t r i c a l  le a d  in to  th e  
p r e s s u r e  v e s s e l ,  C, i s  s e a le d  in to  th e  system  by means o f  a  cone o f  
epoxy a d h e s iv e  b eh in d  w hich s i t s  a  h ig h ly  com pressed T e flo n  p lu g .
S tan d a rd  cone, s le e v e  and n u t f i t t i n g s  a r e  u sed  to  connec t th e  
epoxy cone in to  th e  e l e c t r i c a l  p lu g ; any ten d en cy  to  le a k a g e  i n  
th e s e  f i t t i n g s  can  be overcome by c o a t in g  th e  j o i n t s  l i g h t l y  w ith  
f u r t h e r  epoxy adhesive*  The u s e  o f  epoxy s e a l s  f o r  e l e c t r i o a l
c o n n e c tio n s  to  h ig h  p r e s s u re  a p p a ra tu s  h as  been  m entioned  by s e v e ra l
5
a u th o rs ,  and i s  ex tre m e ly  co n v en ien t b ecau se  o f  th e  e a se  o f  
c o n s t r u c t io n  and renew al o f  th e  s e a l*  The s e a l s  u se d  h e re  have been  
c o n s tru c te d  from  b o th  u ndegassed  " A ra ld i te "  and "U niguard” , and have
—2been  found  to  be  s a t i s f a c t o r y  o v e r th e  p r e s s u re  ra n g e  1 4  P 4  1500 Kg.cm * 
D uring  i t s  p a ssa g e  th ro u g h  th e  body o f  th e  e l e c t r i c a l  p lu g  th e  
e l e c t r i c a l  le a d  i s  in s u la te d  by a  h e a t - e h r in k  s le e v in g ;  o u ts id e  th e  
p lu g  th e  le a d  p a s s e s  th ro u g h  a  r i g i d  oopper tu b e  to  th e  o s c i l l a t o r  
head  o f  th e  sp e c tro m e te r , to  w hich i t  i s  oonneoted  i n  th e  u s u a l way* 
Throughout i t s  le n g th  th e r e  i s  an  a i r - g a p  betw een th e  r a d io  f re q u e n c y  
le a d  and th e  w a lls  o f  th e  e l e c t r i c a l  p lu g , so  a s  to  keep  th e  o a p a c ita n c e
o f  th e  o s c i l l a t o r  c i r c u i t  a s  low a s  p o s s ib le *  T h is  i s  to  en su re  
t h a t  th e  system  can  be u sed  w ith  th e  Decca R adar n*q*r* sp e c tro m e te r  
w ith o u t making any changes to  th e  norm al sp e c tro m e te r  s p e c if ic a t io n *  
N a tu ra l ly  th e  e l e c t r i c a l  le a d  from  th e  p re s s u re  v e s s e l  to  th e  
s p e c tro m e te r  i s  much lo n g e r  th a n  th e  norm al le a d  from  th e  sp e c tro m e te r  
to  th e  o s c i l l a t o r  ta n k  c o i l ,  so t h a t  a  marked in c re a s e  do es  o ccu r 
i n  th e  c a p a c ita n c e  o f  th e  le a d ,  w ith  th e  r e s u l t  t h a t  a  s m a lle r  
f re q u e n c y  ran g e  th a n  norm al i s  a c c e s s ib le  when u s in g  th e  h ig h  p r e s s u re  
a p p a ra tu s*  I n  f a c t  th e  system  d e s c r ib e d  h e re  can  o n ly  be u sed  w ith  th e  
D ecca sp e c tro m e te r  a t  f r e q u e n c ie s  below  35 M*Hz* w hereas th e  norm al 
o p e ra t in g  ran g e  o f  th e  sp e c tro m e te r  ex ten d s  to  53 N*Hz* I n  o rd e r  
to  u s e  t h i s  system  a t  f re q u e n c ie s  above 35 M*Hz* some m o d if ic a t io n s  
to  th e  o s c i l l a t o r  c i r c u i t r y  would be n ecessa ry *
The c a p a o i ta t iv e  changes n o te d  above a l s o  le a d  to  a  s i g n i f i c a n t l y  
low er s ig n a l  to  n o is e  r a t i o  when th e  p r e s s u re  system  i s  u sed  compared 
to  th e  norm al sp e c tro m e te r  system * A gain t h i s  i s  n o t an  in s u p e ra b le  
p rob lem  s in c e  oompounds, such  a s  th o s e  s tu d ie d  i n  t h i s  work, w hich 
g iv e  re a s o n a b ly  s t r o n g  s ig n a l s ,  can  be e a s i l y  re c o rd e d  when u s in g  th e  
p r e s s u re  sy stem , w h ile  compounds w ith  w eaker re so n an ce  s ig n a l s  co u ld  
be s tu d ie d  by c o u p lin g  th e  u s e  o f  th e  p re s s u re  v e s s e l  w ith  th e  t im e -  
a v e ra g in g  com puter a p p a ra tu s  d e s c r ib e d  i n  A ppendix A*
I n  th e  p r e s s u r e  v e s s e l  th e  sam ple i s  c o n ta in e d  i n  a  sm all p l a s t i c  
h o ld e r  w hich s i t s  i n  th e  r a d io  fre q u e n c y  c o i l*  T here a r e  s e v e ra l  
sm a ll h o le s  i n  th e  l i d  o f  t h i s  c o n ta in e r  w hich a llo w  th e  p r e s s u re  
t r a n s m i t t in g  f l u i d  to  mix w ith  th e  sam ple to  en su re  t h a t  p r e s s u re  i s  
t r a n s m i t t e d  to  th e  sam ple h y d r o s ta t ic a l ly *  A ll  compounds s tu d ie d  
u n d e r  p r e s s u r e  w ere th e r e f o r e  suspended  i n  th e  h y d ra u lic  f l u i d  b e fo re  
c a r r y in g  o u t  ex p erim en ts  u n d e r p r e s s u r e ,  to  check  t h a t  no r e a c t io n  o r
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d eco m p o sitio n  o c c u rre d ; in  f a c t  a l l  compounds in v e s t ig a te d  were 
u n a f fe c te d  by t h i s  t r e a tm e n t .
The one v i t a l l y  im p o rtan t to p ic  which h as  n o t y e t  been  d is c u s s e d  
i s  th e  c a l c u la t io n  o f  th e  maximum s a fe  w orking p re s s u re  o f  a  v e s s e l  
o f  th e  ty p e  d e s c r ib e d  h e re .  There a re  e s s e n t i a l l y  two s te p s  in  
e v a lu a t in g  t h i s  s a f e  w orking p re s s u re  f o r  any p roposed  d e s ig n . The 
f i r s t  o f  th e s e  i s  th e  c a l c u la t io n  o f  th e  s t r e s s e s ,  and s t r a i n s  i f  
r e q u ir e d ,  which a re  induced  in  th e  w a lls  o f  th e  v e s s e l  when th e  system  
i s  u sed  a t  a  g iv e n  in t e r n a l  p r e s s u r e .  The second s te p  i s  th e  
d e te rm in a tio n  o f  some c r i t e r i o n  o f  f a i l u r e  f o r  th e  p re s s u re  v e s s e l ,  
e x p re ssed  in  te rm s o f  some l im i t in g  com bination  o f  th e  s t r e s s  system  
in  th e  w a l l s .  In  t h i s  p ro ced u re  i t  i s  n e c e ss a ry  to  a llo w  s u i t a b l e  
s a f e ty  f a c t o r s  to  ta k e  acco u n t o f  any unknown v a r i a b le s .
The c a lc u la t io n s  in v o lv ed  in  th e s e  a n a ly se s  a r e  o u t l in e d  below , 
to g e th e r  w ith  a  b r i e f  d is c u s s io n  o f  th e  n a tu re  o f  th e  s t r e s s e s  and 
B tra in s  in tro d u c e d  when th e  v e s s e l  i s  p r e s s u r is e d .
S t r e s s  c a l c u la t io n s  f o r  p re s s u re  v e s s e l s .
The b eh av io u r o f  a  c y l in d r i c a l  s t e e l  v e s s e l  u n d er th e  in f lu e n c e
o f  u n b a lan ced  in t e r n a l  and e x te rn a l  p re s s u re s  can  r e a d i ly  be i l l u s t r a t e d .
I f  th e  s t e e l  i s  i s o t r o p i c  and i n i t i a l l y  f r e e  from  s t r a i n  th e n  th e
d i s t r i b u t i o n  o f  s t r e s s  and s t r a i n  does n o t v a ry  a lo n g  th e  le n g th  o f
th e  v e s s e l ,  ex ce p t in  th e  re g io n  c lo s e  to  i t s  en d s . Under th e
in f lu e n c e  o f  an  in t e r n a l  p re s s u re  th e  p r in c ip a l  s t r e s s e s  a c t in g  on a
sm all e lem ent o f  th e  c y l in d e r  w a ll a t  a  g iv e n  r a d iu s  a re  i l l u s t r a t e d
in  F ig u re  B6. These a re  a  r a d i a l  com pressive  s t r e s s ,  0"^ , a  t a n g e n t ia l
t e n s i l e  s t r e s s .  IT ., and an  a x ia l  t e n s i l e  s t r e s s ,  U“ •* t  z
The re sp o n se  o f  th e  p re s s u re  v e s s e l  to  th e s e  a p p lie d  s t r e s s e s  i s  
com plex. F ig u re  B7 r e p r e s e n ts  a  ty p ic a l  p re s s u re -e x p a n s io n  d iagram  f o r  
a  th ic k -w a lle d  p re s s u re  v e s s e l  c o n s tru c te d  o f  a  d u c t i l e  m a te r ia l  such
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F i g o r e J ^  The d i r e c t io n s  o f  th e  p r in c ip a l  s t r e s s e s  
i n  a  t h i c k - c a l l e d  c y l in d e r  w ith  c lo se d  
ends u n d er i n t e r n a l  p re s su re *
0
a
8Pi py
0
3
0 E
E x te rn a l t a n g e n t ia l  . t r a i n  ^
F ig u re  337 P re s s u re  -  ex p an sio n  cu rv e  f o r  a  ty p i c a l  th ickp-w alled  
c y l in d e r  nade o f  d u c t i l e  m a te r ia l*  The cu rv e  h a s  
th e  same form  a s  th e  c o rre sp o n d in g  s t r e s s - s t r a i n  
diagram *
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a s  s t e e l ,  in  which th e  t a n g e n t ia l  s t r a i n  a t  th e  o u ts id e  s u r fa c e  o f  
th e  v e s s e l  i s  p lo t te d  a g a in s t  th e  in t e r n a l  p re ssu re *
In  th e  re g io n  from  0 to  A i n  th e  f ig u r e  th e  c y l in d e r  behaves 
e l a s t i c a l l y ,  so t h a t  when th e  p re s s u re  i s  r e le a s e d  th e  v e s s e l  r e tu r n s
to  i t s  o r ig in a l  d im ensions* At A th e  m a te r ia l  a t  th e  b o re  re a c h e s
i t s  e l a s t i c  l i m i t  and, i f  th e  p re s s u re  i s  f u r th e r  in c re a s e d , p l a s t i c  
d e fo rm a tio n  p ro g re s s e s  th rough  th e  w all u n t i l  th e  v e s s e l  becomes 
co m p le te ly  p l a s t i c  a t  some p o in t  betw een A and C* At C a  c o n d i t io n  o f  
i n s t a b i l i t y  i s  reac h ed  and lo c a l iz e d  b u lg in g  o c c u rs , th e  m a te r ia l  h av in g  
reach ed  i t s  u l t im a te  s t r e s s *  Itoe v e s s e l  f i n a l l y  r u p tu re s  a t  some 
s l i g h t l y  low er p r e s s u r e ,  d eno ted  hy th e  p o in t  D* I f  th e  p re s s u re  i s  
red u ced  to  ze ro  from  some in te rm e d ia te  v a lu e , such a s  th e  p o in t  B, th e n  
OE i s  a  m easure o f  th e  perm anent d e fo rm a tio n  o f  th e  v e s se l*
When d e s ig n in g  a  p re s s u re  v e s s e l  i t  i s  im p o rtan t to  en su re  t h a t  no 
e x c e s s iv e  perm anent d e fo rm a tio n  o c c u rs  u n d er w orking c o n d i t io n s .  Thus 
th e  p r e s s u r e  P^., w hich cau ses  th e  m a te r ia l  a t  th e  b o re  o f  th e  v e s s e l  to  
y i e ld ,  sh o u ld  be known. O ften  however such in fo rm a tio n  may be d i f f i c u l t  
to  o b ta in ,  so t h a t  i t  may be n e c e s sa ry  to  b ase  d e s ig n  c a lc u la t io n s  on a  
know ledge o f  th e  u l t im a te  s t r e s s  which th e  m a te r ia l  can  s u p p o r t,  c o r r e s ­
p ond ing  to  th e  s t r e s s  a p p l ie d  a t  p o in t  C i n  F ig u re  B7j in  t h i s  c a se
c a re  must be ta k e n  in  ch o o sin g  a  s u i t a b le  s a f e ty  f a c to r*
As n o te d  above th e  th r e e  p r in c ip a l  s t r e s s e s  a c t in g  on th e  c y l in d e r
w a ll a re  C T ,  X T ', and O- '.  Of th e s e  o n ly  th e  a x ia l  t e n s i l e  s t r e s s  CT , r  t  z z
i s  c o n s ta n t  a c ro s s  th e  w a lls  o f  th e  v e s s e l ;  bo th  and tT  have t h e i rr  x
maximum v a lu e s  a t  th e  b o re , and d e c re a se  tow ards th e  o u te r  p o r t io n s  o f  
t h e  w all*  The thattmm v a lu e  o f  th e  r a d i a l  oom pressive  s t r e s s ,  CJ^, iB 
n u m e ric a lly  equal to  th e  in t e r n a l  p r e s s u re ,  P , so t h a t
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w here we have in tro d u c e d  th e  norm al s ig n  c o n v en tio n  t h a t  t e n s i l e  
s t r e s s e s  a r e  p o s i t i v e f and com pressive  s t r e s s e s  n e g a tiv e *  The 
max imum v a lu e  o f  th e  ta n g e n t ia l  t e n s i l e  s t r e s s  o r  hoop s t r e s s  i s  
now g iv e n  by
K ) -  P;max
2 2R +  r
d2 2R — r
B2
w here r  i s  th e  i n t e r n a l  r a d iu s  o f  th e  p r e s s u re  v e s s e l ,  and R i t s  
e x te rn a l  r a d iu s ,  and a g a in  t h i s  maximum o c c u rs  a t  th e  "bore. The 
a x i a l  t e n s i l e  s t r e s s  can  s im i la r ly  be shown to  be
CT
P r
t>2 2R -  r
B3
A ll th e s e  e q u a tio n s  assume t h a t  th e  v e s s e l  can  be re g a rd e d  a s  a  
t h i c k  c y l in d e r ,  s e a le d  u n d e r c lo se d  end c o n d i t io n s ,  and i t  fo llo w s  
t h a t  a t  th e  b o re
K ) max
> c r > max B4
The c o rre sp o n d in g  e q u a tio n s  f o r  a  t h i n - b a l l e d  c y l in d e r  u n d e r 
p r e s s u r e  a re
cr « o
c r . P r  t
P r
2 t
B5
w here t  i s  th e  w a ll th ic k n e s s*  I n  t h i s  c a se  c r  i 8 assumed to  be 
e v en ly  d i s t r i b u t e d  a c ro s s  th e  w a ll th ic k n e s s*
E q u a tio n s  can  a ls o  be d e r iv e d  f o r  th e  s t r e s s e s  im posed on  th e  
e l e c t r i c a l  p lu g  and c o l la r *  The a p p l ie d  p r e s s u r e  a c t in g  on th e  
e l e c t r i c a l  p lu g  e x e r t s  on i t  a  com pressive  s t r e s s  equ a l i n  m agnitude
to  th e  h y d r o s ta t ic  p re s su re *  F u r th e r  th e  f o r c e  e x e r te d  on th e  
e l e c t r i c a l  p lu g  "by th e  h y d r o s ta t ic  p re s s u re  m ust u l t im a te ly  be 
p a sse d  to  th e  c o l la r *  The s i t u a t i o n  i s  i l l u s t r a t e d  i n  F ig u re  B8 
and i t  can  be se e n  t h a t  u n d er th e  a c t io n  o f  th e  a p p l ie d  p r e s s u re  
th e  p lu g  p r e s s e s  a g a in s t  th e  c o l l a r  so t h a t  c o n ta c t  s t r e s s e s ,  
known sis b e a r in g  s t r e s s e s ,  a r e  developed  a g a in s t  th e  c o l la r*  
F ig u re  B8(b) a l s o  shows th a t  th e r e  i s  a  ten d en cy  to  s h e a r  th e  
p lu g  a lo n g  th e  s e c t io n s  ab  and cd*
(a) (* )
P lu g
p
CollSLT
T
H i ill
c i
d
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F ig u re  B8 (a )  A rrangem ent o f  p lu g  and c o l l a r ;  (b )  b e a r in g  s t r e s s e s  
developed  on th e  e l e c t r i c a l  p lug*  The s h e a r in g  f o r c e s  
a c t  a lo n g  th e  l i n e s  ab  and cd*
The b e a r in g  s t r e s s  can  be  c a lc u la te d  from  th e  e x p re s s io n  
p . — p -4 — B .6
• V - V )
w here A i s  th e  a r e a  o f  th e  e l e c t r i c a l  p lu g  on  w hich th e  i n t e r n a l
2 2p r e s s u r e  a c t s ,  1T(r^ — r ^  ) i s  th e  a r e a  o f  c o n ta c t  o f  th e
f la n g e s  on  th e  e l e c t r i c a l  p lu g  and th e  o o l la r*  The s h e a r  s t r e s s ,  ' t  ,
can  be found  from
• f  -  . B .7
2 1 f r 2 1
w here 1 i s  th e  th ic k n e s s  o f  th e  f la n g e  a s  shown i n  F ig u re  B8*
S in ce  th e  lo a d  a p p lie d  to  th e  c o l l a r 9 g iv e n  h e re  by P*A, 
m ust he h e ld  by  th e  th re a d  jo in in g  th e  c o l l a r  and th e  p re s s u re  
v e s s e l  i t s e l f |  i t  i s  p o s s ib le  a ls o  to  c a l c u la te  th e  s h e a r  s t r e s s  
a p p l ie d  to  th e  th re a d *  T h is  i s  found from
t r  -  3 P.A  3 .5
2 T  r  1
H ere r  i s  th e  minimum r a d iu s  o f  th e  th r e a d ,  1 i s  th e  le n g th  o f  th e
th re a d s  w hich o v e r la p , and P and A a r e  a s  above*
The e q u a tio n s  g iv e n  above now make i t  p o s s ib le  to  e v a lu a te  th e
im p o rta n t s t r e s s e s  i n  th e  system  when th e  in t e r n a l  p r e s s u re  h a s  th e
v a lu e  P , and a  s im i la r  a n a ly s i s  can  o f  c o u rse  be  c a r r i e d  o u t f o r  th e
e l e c t r i c a l  le a d  in to  th e  system * I n  o rd e r  to  u s e  th e s e  e x p re s s io n s
to  d e c id e  how th ic k  th e  w a lls  o f  th e  v e s s e l  m ust be to  w ith s ta n d
a  g iv e n  in t e r n a l  p r e s s u r e ,  some c r i t e r i o n  o f  f a i l u r e  f o r  th e  v e s s e l
m ust be d e fin e d *  One r a t h e r  s im p l i s t i c  way o f  d o in g  t h i s  i s  to  s e t
mxrimm  a l lo w a b le  s t r e s s e s  b ased  on th e  known c h a r a c t e r i s t i c s  o f
th e  c o n s tr u c t io n a l  m a te r ia l*  Thus th e  EET58B s t e e l  u se d  in  th e
c o n s tr u c t io n  o f  th e  p r e s s u r e  v e s s e l  a l re a d y  d e s c r ib e d , h a s  an
—2u l t im a te  s t r e s s  o f  35 to n s  fo ro e  i n  , so t h a t  th e  maximum a llo w a b le  
s t r e s s e s  d u r in g  norm al u sag e  o f  th e  p r e s s u r e  system  can  be  s e t  a s  
fo llo w s*
“■2 "*2Maximum a llo w a b le  t e n s i l e  s t r e s s e s  *  10 to n * f  • i n  ■ 1373 Kg*cm
«2  —2ifflTiwnm a llo w a b le  b e a r in g  s t r e s s e s  -  20 to n * f  * in  ■ 3130 Kg*cm
_2
Maximum a llo w a b le  s h e a r  s t r e s s e s  -  6 to n * f* in  -  945 Kg*cm
These v a lu e s  im ply  t h a t  th e  s a f e  maximum w orking p re s s u re
—2f o r  t h i s  v e s s e l  i s  o f  th e  o rd e r  o f  1000 Kjg. cm v and t h i s  h a s
been  ta k e n  a s  i t s  u p p er l i m i t  i n  norm al u sa g e , a lth o u g h  i t  h a s
—2 v been  t e s t e d  up to  1500 Kg.cm i n  th e  exp erim en ts  on (C]^PETCH^)2«
The s t r e s s  a n a ly s i s  d is c u s s e d  h e r e 9 w h ile  n o t r ig o r o u s 9 i s
ad eq u a te  f o r  th e  ty p e  o f  system  d e s c r ib e d .  I n  o rd e r  to  ex ten d
th e  a n a ly s i s  f u r t h e r  i t  i s  n e c e s s a ry  to  u s e  a  b e t t e r  c r i t e r i o n
o f  f a i l u r e  f o r  th e  p r e s s u re  v e s s e l9 b u t u n f o r tu n a te ly  th e r e  a r e
s e v e ra l  p o s s ib le  th e o r i e s  and th e r e  does n o t ap p ea r to  be a  s in g le
u n iv e r s a l l y  a c c e p te d  c r i t e r i o n .  ^ F o r o u r p u rp o ses  p e rh ap s  th e
b e s t  c r i t e r i o n  o f  p r e s s u re  v e s s e l  f a i l u r e  i s  th e  s o - c a l l e d  wmaximum
s h e a r  s t r e s s  c rite rio n * *  which im p lie s  t h a t  th e  i n t e r n a l  p re s s u re
w hich j u s t  c au ses  y ie ld in g  a t  th e  b o re 9 P , i s  g iv e n  by
y
r  (  R2 -  r 2 \
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w here R and r  a r e  th e  e x te rn a l  and i n t e r n a l  r a d i i  o f  th e  v e s s e l ,  
and t r  i s  th e  y i e l d  s t r e s s  i n  te n s io n ,  and a t  th e  e l a s t i c  l i m i t ,
y
°"v'V  ¥
°  "  “  B.10
When u s in g  t h i s  maximum sh e a r  s t r e s s  c r i t e r i o n  i t  i s  custom ary  
to  d e s ig n  th ic k -w a lle d  p re s s u re  v e s s e ls  so t h a t  th e  (maximum) 
w ork ing  p r e s s u re  i s  tw o - th i rd s  o f  th e  y i e ld  p r e s s u r e .  Thus th e
v e s s e l  i s  on th e  p o in t  o f  y ie ld in g  a t  th e  b o re  when i t  i s  t e s t e d  to
o n e-o n d -a r-h a lf  tim e s  i t s  w orking  p r e s s u r e .
In  a d d i t io n  to  th e  h ig h  p r e s s u r e  v e s s e l  a l re a d y  d e s c r ib e d  th e  
e n g in e e r in g  c a lc u la t io n s  d is c u s s e d  above have been  u sed  i n  th e
d e s ig n  o f  a  second v e s s e l ,  f o r  u s e  a t  h ig h e r  p r e s s u r e s  th a n  th e
f i r s t*  This second v esse l i s  shown in  F igure B9, and i t s  
in d iv id u a l components are  i l lu s t r a te d  in  F igures B10, B11 and B12.
A number of im portant changes have been made from th e  previous 
system in  order to  allow  th e  new v esse l to  operate  conveniently  
throughout the  p ressu re  range 1 4 P 4  2800 Kg.cm • The f i r s t  
change i s  th a t  th i s  new system i s  constructed  from a  tougher s te e l ,  
s p e c if ic a l ly  KE805 s te e l  which i s  supplied  hardened and tempered to  
55/65 tons te n s i le ,  y ie ld  p o in t 45/55 to n s, and which can be re a d ily  
machined in  th is  co n d itio n . The in te rn a l diam eter o f the  v esse l 
has been s ig n if ic a n tly  reduced, and the  f lan g es  on th e  e le c tr io a l  
p lug  and c o l la r  strengthened in  order to  reduce th e  shear s tre s s e s  
induced in  the  flan g es  and th e  th re ad s . The o th e r major change i s  
the  use  o f only one washer. This change i s  in troduced because th e  
end fo rc e  generated in  the  o r ig in a l p ressu re  v esse l i s  much la rg e r  when 
sea lin g  ag a in s t th e  second washer than  when se a lin g  th e  system by the  
small washer, so th a t  th e  la rg e  washer i s  r e a l ly  unable to  f u l f i l  i t s  
intended fu n c tio n  o f p rovid ing  a  back-up to  th e  in te rn a l gasket, 
i f  the  p ressu re  v esse l i s  to  be used well w ith in  i t s  design l im i t s .
Although th i s  new p ressu re  v esse l has been constructed , i t  has 
no t y e t been te s te d  under p re ssu re . However th e  s tre s s e s  generated  
in  th e  v esse l a re  low a t  a l l  p ressu res  access ib le  w ith th e  hyd rau lic  
pump a v a ila b le  so th a t  th e  system should operate  su ccess fu lly  a t  
p ressu res  o f up to  2800 Kg.cm .
M O .
F ig u re  B9 P re s su re  v e s s e l  f o r  u s e  a t  p r e s s u re s  
o f  up to  2 ,800  Kg* c a f2#
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A P P E N D I X  C
A NITROGEN GAS-FLOW SYSTEM FOR TEMPERATOKE COSTROL IN 
QPADRUPOLE KESOKAHCE S TODIES
In  th e  n u c le a r  q u ad rupo le  re so n an ce  s tu d ie s  r e p o r te d  i n  
t h i s  work, s p e c tr a  have been  re c o rd e d  o v e r th e  te m p e ra tu re  
ran g e  77 ^  T ^  350K* The re c o rd in g  o f  s p e c t r a  a t  room 
te m p e ra tu re  and a t  JJK i s  s t r a ig h tf o r w a r d ; i n  o rd e r  to  a c h ie v e  
th e  l a t t e r  te m p e ra tu re  th e  e n t i r e  ta n k  o o i l  o f  th e  r a d io  
fre q u e n c y  o s c i l l a t o r  can  s im ply  be immersed i n  a  Dewar f l a s k  
o f  l i q u id  n itro g e n *  At te m p e ra tu re s  in te rm e d ia te  betw een 7JK 
and am bient i t  i s  more d i f f i c u l t  to  m a in ta in  a  s te a d y  te m p e ra tu re  
a c ro s s  th e  e n t i r e  sam ple f o r  th e  f a i r l y  lo n g  p e r io d  o f  tim e 
needed  to  re c o rd  an  n*q*r* spectrum * I n  o rd e r  to  overcome t h i s  
problem  and to  en ab le  any te m p e ra tu re  i n  th e  ran g e  100 ^  T < 350K 
to  be e a s i l y  o b ta in e d 9 th e  Decca R adar n*q*r* sp e c tro m e te r  system  
n o rm ally  u sed  h a s  been  m o d ified  f o r  v a r ia b le  te m p e ra tu re  work a s  
shown in  F ig u re  C1*
As shown i n  th e  f ig u r e  th e  ra d io fre q u e n c y  c o i l  i s  p la c e d  
in s id e  a  s p e c ia l  Dewar f l a s k  w hich i s  f i t t e d  w ith  an  i n l e t  a t  
i t s  b a se , and a  s te a d y  s tream  o f  n i t r o g e n  g as  i s  p a sse d  th ro u g h  
th e  system * The gas i s  p r e - c h i l l  ed by p a s s in g  i t  th ro u g h  a  
copper c o i l  immersed i n  l i q u id  n i t r o g e n ,  and th e n  b ro u g h t to  any 
d e s i r e d  te m p e ra tu re  by means o f  a  sm all h e a t in g  c o i l*
A ll te m p e ra tu re s  above 77K w ere o b ta in e d  u s in g  t h i s  g a s -f lo w  
system * T em peratu res c lo s e  to  room te m p e ra tu re  can  be  reac h ed  
w ith  q u i t e  low  flo w  r a t e s ,  u s u a l ly  o f  th e  o rd e r  o f  2 — 5 l i t r e s  
p e r  m inu te , b u t i n  o rd e r  to  co o l th e  system  to  100K th e  n i t r o g e n
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g as mu6t be p assed  th rough  th e  system  a t  up to  12 l i t r e s  p e r  
m inute* The gam -flow system , u sed  w ith o u t th e  b a th  o f  l i q u id  
n i t ro g e n ,  can be employed to  reac h  te m p e ra tu re s  above room 
te m p e ra tu re  by s u i t a b le  ad ju stm en t o f  th e  h e a te r*
T em peratu res a re  m easured by means o f  a  copper—c o n s ta n ta n  
therm ocouple whose r e fe re n c e  ju n c t io n  i s  m a in ta in ed  a t  273K by 
im m ersion i n  an  ic e -w a te r  bath* No s p e c tr a  w ere reco rd ed  u n t i l  
th e  system  had rem ained a t  a  c o n s ta n t te m p e ra tu re  f o r  a t  l e a s t  
t h i r t y  m in u tes , to  remove a s  f a r  a s  p o s s ib le  th e  e f f e c t  o f  
te m p e ra tu re  in h o m o g en e itie s  a c ro s s  th e  sample* The te m p e ra tu re  
m easurem ents made by th e  therm ocouple a re  a c c u ra te  to  — 1K.
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